
 
 
 
 
 
 
 
 
 
 
 

 
 

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 

(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 

terms and conditions of use: 

 

This work is protected by copyright and other intellectual property rights, which are 

retained by the thesis author, unless otherwise stated. 

A copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. 

This thesis cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the author. 

The content must not be changed in any way or sold commercially in any format or 

medium without the formal permission of the author. 

When referring to this work, full bibliographic details including the author, title, 

awarding institution and date of the thesis must be given. 

 



Germ cell neoplasia in situ (GCNIS) and the 
pathogenesis of testicular germ cell cancer. 

 
Volume I 

 

 

 

Maria Elena Camacho Moll 
 

MSc by research in Reproductive Science, University of Edinburgh 
 

BVetM, Autonomous University of Nuevo Leon 
 
 
 
 

 
Medical Research Council 

Centre for Reproductive Health 

Queen’s Medical Research Institute 

47 Little France Crescent, 

Edinburgh, 

EH16 4TJ. 

 
 
 
 
 
 

 

 Thesis submitted to the University of Edinburgh for the Degree of 

Doctor of Philosophy 

 
February 2017 



  i 

Declaration 

 

The work contained in this thesis was unaided work of the author except where 

acknowledgement is made by reference. No part of this thesis has been submitted for 

any other degree or professional qualification.  

 

 
Maria Elena Camacho Moll 
 
September 2016 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



               ii 
 

    

 
 

Acknowledgements 

 

First and foremost, I would like to thank God, whose many blessings have made who 
I am today. Therefore, I thank God for providing me with this opportunity and 
granting me the capability, strength and will to be successful.  

Rod Mitchell and Richard Sharpe, my cordial thanks for accepting me as a PhD 
student and for not giving up on me despite my mistakes and helping me through it 
against all odds. 

I would like to thank Joni Macdonald for all her teaching and support during this 
PhD. For all the times that she has replied to my messages out of hours answering lab 
questions, and for the hen party I will never forget. Also for your great sense of 
humor. I will always remember that you and I were the first members of the Rod 
Mitchell lab. 

Diane Rebourcet and Annalucia Darbey, thank you very much for your support in 
science and personal life. Thank you for being my friends during this 4 years, and 
taking me in during the hardest times. I will miss your soups, cakes and dances all 
over the flat. 

Special thanks should go to all those at the QMRI and the wider Edinburgh scientific 
community who made this thesis possible, especially Chris McKinnel, Sheila 
Mcpherson, Nathan Jeffery, Roland Donat and CJ Shukla.  

I would also like to thank Karen Kilcoyne and Anne Jørgensen, for their support 
during my PhD.  Anne I will always have my Hoptimistic with me. 

Zaniah N. Gonzalez Galofre your support in all aspects of my life has been wonderful. 
It was great to have met you on my first day at Edinburgh University and to find out 
that we spoke the same language.  

My special thanks also to Michael Curley, Anne Gannon, Tina Tsai and Saloni Patel 
who were all very supportive and, with whom I shared the office, cakes, complains 
and laughs during this PhD. 

Bianca De Leo, Tajekesa Blee, Sevasti Giakoumelou and Yannis Simitsidellis, thank 
you for being my friends and suffering with me during these 4 years. The pizzas, 
Game of Thrones episodes, pub nights and dancing nights were priceless.  

I would like to thank my now husband Alfredo Ayala de la Garza, with whom I have 
spent almost half of my life and was there to support me during my master and PhD 
degrees in Edinburgh University. Thank you for coming with me on this adventure 
of studying abroad and enduring our not so wealthy life as students. Thank you for 
sacrificing your career and time waiting for me to finish this PhD.  



               iii 
 

    

 
 

And last but not least, I would like to thank my family for their support, but specially 
my mother, because without her I would not have made it this far. Thank you for 
being my teacher, my psychologist and my coach. Thank you for inspiring me to be a 
better person every day and encouraging me to keep going. 

“No estudio para saber más, sino para ignorar menos”- Sor Juana Inés de la Cruz. 

Maria  

2016 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



               iv 
 

    

 
 

Abstract 
 

Testicular germ cell cancer (TGCC) has been increasing in incidence over recent 

decades, and is currently the most common malignancy amongst young men 

resulting in significant morbidity. These tumours are believed to arise from 

premalignant germ cell neoplasia in situ (GCNIS) cells, which originate from the 

aberrant germ cell differentiation from gonocyte to spermatogonia during fetal/early 

postnatal life. GCNIS cells remain dormant in the testis until puberty when they are 

activated to become tumours. Therefore, GCNIS cells remain in a pre-invasive stage 

during early childhood and early adulthood prior to the development of a seminoma 

or non-seminoma TGCC.  

GCNIS cells are phenotypically similar to gonocytes with expression of stem 

cell/early germ cell markers including OCT4, PLAP and LIN28. Furthermore, proteins 

which are expressed in more mature germ cells (spermatogonia) such as MAGE-A4 

have also been shown to be expressed in GCNIS cells and these studies have indicated 

that GCNIS cells are a heterogeneous population in terms of protein expression 

profile. The relationship between the protein expression profile of individual GCNIS 

cells populations and their oncogenic potential has not been fully explored.  

GCNIS cells are located in the seminiferous tubules supported by somatic Sertoli cells. 

These cells have been previously reported to exhibit an immature protein expression 

profile in GCNIS tubules from patients with testis cancer, suggesting that the germ 

stem cell niche in GCNIS tubules resembles that of a fetal one. Associations between 

Sertoli cell maturation and GCNIS progression into tumour formation has not been 

fully investigated.  

Oncogenes are key players in the regulation of oncogenic potential of cancer cells. 

Gankyrin is an oncogene that has been shown to down-regulate OCT4, and interact 

with MAGE-A4 in hepatocellular carcinoma and colorectal cancer, where Gankyrin 

interaction with MAGE-A4 reduces the oncogenic potential of tumour cells.  
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In this study I aimed to investigate the heterogeneity of GCNIS in relation to disease 

stage and Sertoli cell development. We also aimed to determine the role of Gankyrin 

in TGCC cell survival and invasion.  

The co-expression of early germ cells proteins such as OCT4, LIN28 and PLAP was 

characterized in GCNIS cells during childhood and adulthood pre-invasive TGCC 

and in invasive disease characterized by the presence of a testicular tumour.   

These results show that LIN28 was expressed in 95% of OCT4 GCNIS cells, whereas 

PLAP expression in GCNIS cells increased as the disease progressed from childhood 

pre-invasive disease to invasive seminoma (32.3% v 76%; p<0.05). In contrast there 

was a reduction in the proportion of MAGE-A4 expressing GCNIS cells with disease 

progression. The MAGE-A4 expressing population was also less proliferative than 

the MAGE-A4 negative GCNIS population.  

The methylation status of GCNIS cells was then investigated. EZH2 a 

methyltransferase previously reported to be important for TGCC development, was 

expressed in GCNIS cells at all stages of disease, however the histone 3 modification 

H3K27me3 (mediated by EZH2) was expressed in a significantly higher percentage 

of the proliferative OCT4+/MAGE-A4- GCNIS cells compared with the OCT4+/MAGE-

A4+ population (11.7% v 1.1%; p<0.01) which could indicate a repressive role for 

H3K27me3 over MAGE-A4 expression.  

Next, it was determined whether an association between Sertoli cell maturation status 

and progression of TGCC could be observed. The maturation status of Sertoli cells 

was studied using proteins indicative of immature (desmin, cytokeratin, fibronectin 

and AMH) and mature (vimentin and androgen receptor) Sertoli cells.  These studies 

demonstrated heterogeneity of Sertoli cells maturation in GCNIS-containing tubules.  

Desmin, fibronectin, AMH and vimentin expression did not show any association 

with TGCC progression. Cytokeratin was expressed in Sertoli cells of human fetal 

testis up to second trimester of fetal life, absent in tubules with active spermatogenesis 
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but heterogeneously present in GCNIS, demonstrating that cytokeratin expression is 

indicative of the presence of GCNIS. Androgen receptor was weakly present in Sertoli 

cells from human fetal testis and pre-pubertal pre-invasive TGCC testis whereas in 

GCNIS of adult pre-invasive testis and invasive samples, androgen receptor was 

abundantly expressed in Sertoli cells of GCNIS-containing tubules. These combined 

results for cytokeratin and androgen receptor suggest that Sertoli cells from GCNIS-

containing tubules, in pre-invasive and invasive TGCC patients are partially 

differentiated. 

Gankyrin expression was characterised in fetal germ cells, GCNIS cells and TGCC 

tissue. In fetal testis nuclear Gankyrin was absent in OCT4+/MAGE-A4- (gonocyte) 

population whereas it was present in a subpopulation of OCT4-/MAGE-A4+ 

(spermatogonia) germ cells. In GCNIS cells from TGCC patients nuclear Gankyrin 

was expressed in 87%, 63.3%, 91.5% and 79% in childhood pre-invasive, adult pre-

invasive, seminoma and non-seminoma GCNIS cells respectively. Finally, in 

seminoma cells, Gankyrin was expressed in the cytoplasm indicating a change in 

localisation as the GCNIS cells become invasive.  

We used siRNA to knockdown Gankyrin in NT2 (a TGCC cell line) cells in-vitro and 

demonstrated a decrease in cell number, suggesting that Gankyrin might play a role 

in TGCC progression and invasiveness. Gankyrin down-regulation also resulted in 

an increase in p53 and p21 mRNA level. Given the role of P53 and p21 in cisplatin 

cytotoxic effect in TGCC we went on to investigate the role of Gankyrin in cisplatin 

resistance using NT2 cells.  We demonstrate that Gankyrin mediated cisplatin 

resistance through the p53/p21 pathway, upregulating apoptosis rates through BAX 

and FAS, whilst there was no effect on cell proliferation, cell cycle or cell migration.   

In conclusion, we have shown that GCNIS cells are heterogeneous and their 

phenotype can determine their oncogenic potential. We also show that Sertoli cells 

from GCNIS-containing tubules undergo partial differentiation displaying markers 

of immature and mature Sertoli cells, with a heterogeneous association of cytokeratin 
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with GCNIS presence. We also demonstrate that the oncogene Gankyrin has a role in 

NT2 cells survival and cisplatin resistance indicating that manipulation of Gankyrin 

may have a role in the treatment of TGCC.  
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1. Literature review 

1.1. Introduction 

Testicular germ cell cancer (TGCC) has been increasing in incidence over several 

decades and it is now the most common malignancy amongst young men 

(Schottenfeld et al., 1980; Giwercman et al., 1993; Bray et al., 2006). The precursor 

lesion of TGCC is the germ cell neoplasia in situ (GCNIS; Skakkebæk, 1972), the origin 

of which is believed to be fetal germ cells (gonocytes; Skakkebaek et al., 1987), that 

fail to normally differentiate (Hoei-Hansen et al., 2005; Sonne et al., 2009; Almstrup et 

al., 2010). GCNIS remains dormant in the testis until puberty, when it can then give 

rise to testicular germ cell tumours (TGCT) (Rajpert-De Meyts et al., 1998; Chaganti 

& Houldsworth, 2000). TGCTs can be either seminoma or non-seminoma (Bosl and 

Motzer et al., 1997). Although models for TGCC pathogenesis have been put forward 

(Rajpert-De Meyts, 2006), there are still many key unknowns about the pathogenesis 

of TGCC, such as the mechanisms by which GCNIS originates and becomes invasive. 

In order to better understand GCNIS and TGCC pathogenesis it is important to 

understand normal human testis development and in turn normal germ cell 

maturation.  

The condition that is TGCC can be categorized within the testicular dysgenesis 

syndrome (TDS) hypothesis. This hypothesis, groups cryptorchidism, hypospadias, 

TGCC and low sperm counts as potential members of the same syndrome. A 

description of TGCC pathogenesis and incidence, along with the relevant information 

about GCNIS, the stem germ cell niche, methylation in TGCC and cell cycle will be 

provided. This chapter will be finalized with the aims of this thesis.  
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1.2. Gonadal development and testis differentiation 

Early in human fetal development and prior to sex determination, the gonads are 

bipotential, in that they may give rise to either testes or ovaries. Genetic and hormonal 

signals are responsible for the specification of sexual organs. In the male, sex 

determining region Y (SRY) gene expression directs the development of the testes 

(Koopman, et al., 1990), which begins at 7-8 weeks of gestation in humans, when SRY 

triggers testicular differentiation and the development of testicular somatic cells, 

specifically the Sertoli cells (SCs; Hutson, 2012). SCs are essential for the maintenance 

and support of germ cells, and SRY is responsible for the expression of SRY-related 

high mobility group 9 (SOX9) in these cells.  If either SRY or SOX9 are not up 

regulated during gonadal development, the bipotential gonad will develop into an 

ovary; this happens because there are competing male and female programs, and if 

one fails, the other program continues (Fig. 1.1; Cupp & Skinner, 2005). 

 

 

Figure 1.1. Molecular and genetic events in mammalian sex determination. Modified from Brennan & 
Capel, 2004 and Sekido & Lovell-Badge, 2009. 
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As early embryos have the potential to develop into either female or male, the early 

fetus contains the internal reproductive structures of both sexes, the Müllerian ducts 

(female) and the Wolffian ducts (male).  Müllerian ducts develop into female 

structures  which are the fallopian tubes, the uterus, and upper part of the vagina 

whilst the Wolffian ducts develop into the epididymis, vas deferens, and seminal 

vesicles (Griswold & Behringer, 2009; Hutson, 2012). In the male, the hormone 

responsible for the regression of the Müllerian ducts is anti-Müllerian hormone 

(AMH, MIS), which is produced by SCs (Nef & Parada, 2000; Rey et al, 2003). 

However, AMH alone is not enough for the development of male structures, as this 

also requires androgen production (Testosterone) from fetal Leydig cells, which is 

necessary for the maintenance and then the full differentiation of the Wolffian ducts 

(Fig. 1.2; Nef & Parada, 2000; di Clemente et al., 2003).  

 

Following male specification of the gonad, between 7 to 8 weeks of pregnancy the 

testis begins its descent towards the scrotum. This occurs in two phases, the 

transabdominal phase and the inguinoscrotal phase mainly regulated by insulin like 

3 (INSL3) and testosterone, produced by fetal Leydig cells  (Hutson, 1985; Parada & 

Nef, 1999; Zimmermann, 1999; Adham et al., 2000; Hutson, 2012). Failure in testes 

descent (cryptorchidism) can lead to fertility problems and testicular germ cell cancer  

in later life (TGCC; Giwercman, et al., 1987). 
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Figure 1.2. Differentiation of the bipotential gonad. (a) In the presence of a bipotential gonad, the ducts, 
Müllerian and Wolffian are present at the same time. Once SRY expression begins, the gonad becomes 
a testis, following the molecular pathways shown in Fig. 1.1. The testis secretes several hormones 
including testosterone, AMH and insulin-like growth factor 3 (Insl3) (b). In order for the Wolffian duct 
to differentiate into the male reproductive structures, testosterone needs to be present, whilst AMH 
eliminates the Müllerian ducts (pink dashed line). In females, due to the lack of male hormones, the 
Wolffian ducts degenerate (blue dash line) and the Müllerian ducts persist (C). Taken from Kobayashi & 
Behringer, 2003. 
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1.3. The germ stem cell niche 
As mentioned previously germ cell differentiation plays a key role in TGCC 

pathogenesis, however TGCC formation is also dependent on the somatic cells within 

the testis. Within the testes the somatic and germ cells make up the germ line stem 

cell niche. The germ line stem cell niche is comprised of the spermatogonial stem cells 

(SSCs), which reside on the basement membrane of the seminiferous tubules in the 

testis, which are surrounded by Sertoli cells and peritubular myoid cells (Brinster, 

2007). 

The germ stem cell niche begins with the Sertoli cells surrounding the primordial 

germ cells (PGCs) after their migration into the fetal gonad. As the testis develops, 

the lumen of the seminiferous tubules will begin to form followed by the migration 

of germ cells and Sertoli cells towards the basement membrane of the seminiferous 

tubules. During puberty, spermatogenesis begins and there is a progressive 

maturation of germ cells towards the formation of spermatozoa, all of this with the 

support of Sertoli cells (Fig 1.3; Clermont & Perey, 1957; Fujimoto et al., 1977; Brinster, 

2007; Oatley & Brinster, 2012; Rebourcet et al., 2014).  
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Figure 1.3. The germ stem cell niche. Human (A) fetal, (B) infant, (C) pubertal and (D) adulthood germ 
stem cell niche where Sertoli cells (*), prespermatogonia (black arrow heads), spermatogonia (red 
arrow head), spermatocytes (arrow), round spermatids (encircled by red dashed line) and elongated 
spermatids (encircled by yellow dashed line) can be observed. Scale bar – 50µm. 
 

1.3.1. Germ cell development 

Male germ cell development can be divided into two stages, the first one being the 

fetal germ cell maturation and the second being the spermatogenic cycle which begins 

after puberty (Culty, 2009).  

 

During fetal germ cell development, embryonic stem cells (ESCs) will differentiate 

into primordial germ cells (PGCs), which are cells considered to be committed to the 

germ cell pathway (Falin, 1969). After PGCs differentiate, these cells will specialize 

and give rise to other cells types with the only purpose of giving origin to the 

spermatozoa in a process called spermatogenesis (Fig. 1.4; Clermont, 1972). 
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Figure 1.4. Normal male germ cell differentiation. Modified from Rajpert-De Meyts, 2006. 
 

1.3.1.1. Primordial germ cells 

Human primordial germ cells (hPGCs) are the first cells to differentiate, these cells 

can be identified in the endoderm of the allantois and in the mesenchyme of the stalk 

at around ~22d post-coitum (Falin, 1969). The expression of transcriptional repressors 

B-lymphocyte-induced maturation protein (BLIMP1) and PR domain containing  

protein 14 (PRDM14) and up-regulation of Fragilis marks the emergence of PGC 

precursors (De Felici, 2013).  

 

 At 4.5 weeks (w) of fetal development PGCs are on their way from the hindgut 

epithelium to the gonadal region, where they initiate the formation of the gonads 

(Fujimoto et al., 1977; Mamsen et al., 2012).  By 6w of fetal development most PGCs 

can be found located within the genital ridge (Fig 1.5; Fujimoto et al., 1977).  
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Figure 1.5.  Chronology and path of primordial germ cell migration. (A) Chronology and (B) path of 
primordial germ cell migration where PGCs will migrate from the yolk sac to the fetal gonad. At 5 weeks 
of fetal development the fetal gonad will be colonized by PGCs modified from De Felici 2013 and Mayo 
Foundation.  
 

Studies in the mouse have shown that PGCs are induced during gastrulation by bone 

morphogenetic protein (BMP), following the expression of PGC specific genes such 

as developmental pluripotency-associated gene 3 (Dppa3, or Stella), which in turn is 

promoted by Blimp1, which, at the same time represses somatic cell genes, in 

particular members of the homeobox (HOX) gene family. The HOX gene family is 

responsible for establishment of the anteroposterior axis formation of the embryo, 

based on studies in which mice embryos with experimental loss of Blimp1, die at mid-

gestation but early axis formation, anterior patterning and neural crest proceed 

normally, also Blimp1 heterozygotes exhibit decreased numbers of PGCs at 7.25 days 

post-coitum (dpc; Ohinata et al., 2005; Vincent et al., 2005; Richardson & Lehmann, 
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2010). Another gene that has been shown to play a similar role as Blimp1 is Prdm14, 

based on experiments performed in mice, where the Prdm14 knockout (KO) mice are 

sterile and this is due to an absence of primordial germ cell at embryonic day (E) 12.5, 

furthermore they have shown that in Prdm14 KO mice, there is a decrease in PGCs 

even at the early bud stage which corresponds to E7.5 (Yamaji et al., 2008). 

Studies in the mouse and drosophila have also shown that PGC migrations towards 

the genital ridge is guided by several molecules, amongst them the Steel (Sl) gene or 

stem cell  factor (SCF), the ligand of tyrosine kinase receptor c-KIT  (Matsui et al., 1990; 

Gu et al., 2009). Sl mutant mice are infertile due to failure in PGCs proliferation and 

migration towards the genital ridge (Matsui et al., 1990). In vitro studies have 

demonstrated that c-KIT is essential for PGCs adhesion to gonadal somatic cells (Pesce 

et al., 1997). Other factor to which PGCs respond is stromal derived factor 1a (Sdf1, 

also known as Cxcl12), which is responsible for the polarization, individualization 

(separation from the surrounding tissue) and extension of PGC in zebrafish through 

the GPCR (G protein-coupled receptor) chemokine receptor 4b (Cxcr4; Doitsidou et 

al., 2002; Richardson & Lehmann, 2010). The latter is based on experiments where it 

has been shown that lack of cxcl12 or cxcr4 in zebrafish causes the PGCs to migrate to 

ectopic positions within the embryo (Doitsidou et al., 2002). Recently, another 

receptor for cxcl12 was identified, which is cxcr7, which is also important for proper 

PGC migration, this based on experiments with zebrafish PGCs where cxcr7 was 

knocked down and this caused a failure in germ cell polarization and migration 

(Balabanian et al., 2005; Boldajipour et al., 2008). 

 

Other molecules reported to be important for germ cell migration in studies in mice  

are the β1 integrins (Anderson et al., 1999)  where  experiments performed on green 

fluorescent protein (GFP) germ cell mice show that PGCs of integrin β1-/- mice can 

enter the germ cell lineage however they fail to colonize the gonad.  
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The extracellular matrix component is also involved in the successful migration of 

PGCs into the fetal gonad. For instance, fibronectin, laminin and collagen IV 

disposition change their distribution during and after PGCs migration (Garcia-

Castro, 1997). After PGC migration into the gonad, these cell are surrounded by SCs 

and together they form cord-like structures in the testis (Hutson, 2012).  

 

Recent studies have shown that PGCs can be reprogrammed into pluripotent stem 

cells when infected by any of the known reprogramming factors such as octamer 

binding transcription factor 4 (OCT4), SRY-box 2 (SOX2), Kruppel like factor 4 (KLF4) 

and avian myelocytomatosis viral oncogene homolog  (c-MYC) (Nagamatsu et al., 

2013). With these studies they demonstrate that the level of factor expression can vary 

and can control pluripotency. Inappropriate expression of these markers during 

adulthood has been reported in TGCC ( Sikora et al., 1985; Jones et al., 2004; Godmann 

et al., 2009; Sonne et al., 2010). One of the pathways that has recently been discovered 

to regulate pluripotency in male mouse fetal germ cells is the Nodal/Cripto pathway, 

where based on experiments with mice embryos which displayed 30% of wild type 

Nodal, they have shown that germ cells undergo premature differentiation and there 

is a reduction in the expression of pluripotency markers (Spiller et al., 2012). 

Furthermore, they have shown that in the human normal adult testis neither NODAL 

nor CRIPTO are expressed, however it is expressed in GCNIS and TGCT (Spiller et 

al., 2012).  

 

1.3.1.2. Gonocytes 

Once PGCs arrive in the gonad, they are termed gonocytes and begin their 

differentiation through the germ cell lineage (Clermont and Perey, 1957). A summary 

of the mouse, rat and human gonocyte morphology, time of appearance and time of 

proliferation can be seen in Table 1.1. 
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Table 1.1. Rat, mouse and human gonocyte morphology, first appearance, proliferation and 
markers. 

Species Morphology 
Time of first 
appearance 

Time of 
proliferation 

initiation 
Marker References 

Rat 

12-15µm cell. 
 

Large, light, spherical 
nucleus containing 

fine chromatin 
granules and two or 

more globular 
nucleoli. 

 
Clearly visible 
cytoplasmic 
membrane. 

13-15 dpc 8dpp 

VASA 
DAZL 
OCT4 
c-KIT 

(Clermont & 
Perey, 1957; 

Vergouwen et al.,  
1991; Orth et al., 

1996; Zogbi et 
al., 2012) 

Mouse 

~12.7 µm cell. 
 

Large, spherical, 
lightly stained nuclei 

that contain fine 
chromatin granules 

and two or more 
globular nucleoli. 

 
Clearly visible 
cytoplasmic 
membrane. 

14.5 dpc 19-20 dpc 

VASA 
DAZL 
OCT4 

NANOG 
SOX2 
SALL4 

(Pesce et a., 
1998; Wu et al., 
2009; Migrenne 

et al., 2012; 
Gassei et al., 

2013) 

Human 

~9 µm cell. 
 

Roughly spherical, 
central nuclei which 

can be binuclear. 
 

Prominent Golgi 
complex. 

 
Dispersed 

mitochondria. 
 

Absent rough 
endoplasmic 

reticulum. 
 

Extensions of the 
cytoplasm directed 
towards the tubular 

margin. 

7-8 Gw 9-12 Gw 

DAZL 
OCT4 

NANOG 
c-KIT 
AP2-γ 
LIN28 
PLAP 
SALL4 

(Baillie, 1964; 
Bendsen et al., 

2001; Gaskell et 
al., 2004; 

Honecker et al., 
2004; Rajpert-De 

Meyts et al., 
2004; Hoei-

Hansen et al., 
2005; Anderson 

et al., 2007; 
Aeckerle et al., 

2012; Eildermann 
et al., 2012; 

Altman et al., 
2014 Plant et al., 

2015) 
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Human PGCs, ESCs and gonocytes express many of the same pluripotency markers  

such as Octamer binding transcription factor 4 (OCT4; Rajpert-De Meyts et al., 2004), 

Homeobox transcription factor NANOG (Hoei-Hansen et al., 2005), transcription 

factor AP-2γ (Hoei-Hansen et al., 2004), Lineage protein 28 (LIN28; West et al., 2009; 

Aeckerle et al., 2012), placental alkaline phosphatase (PLAP; Rajpert-De Meyts, 2006) 

amongst others. Continued or abnormal expression of these pluripotent markers has 

been reported in pathologies such as GCNIS and TGCT (Looijenga et al., 2003; 

Almstrup et al., 2004; Rajpert-De Meyts et al., 2015). Amongst these genes, OCT4 was 

first considered a marker for embryonic stem cells (ESCs), however in the mouse, 

after 7.5 days post-coitum (dpc) this marker is restricted to the germ cells (Rosner et 

al., 1990; Pesce et al., 1998). In humans, the expression of OCT4 in germ cells has been 

demonstrated during the first trimester of pregnancy, declining towards the second 

trimester (Anderson et al.,  2007).  

 

Studies in the rat have shown that there are differences between fetal and neonatal 

gonocytes including differing responses to  the stimulation with retinoic acid. A 

reduction in rat fetal gonocytes numbers is observed in response to retinoic acid 

stimulus whereas neonatal gonocyte populations increase (Livera, 2000). This 

suggests that there are potentially two stages of gonocyte development. Studies like 

this have not been performed for human fetal and neonatal gonocytes but may offer 

interesting insights into GCNIS and TGCC formation. 

 

1.3.1.3. Gonocytes/intermediate cells/prespermatogonia 

Studies performed in human fetal testis using immunofluorescence for  OCT4, c-KIT 

and MAGE-A4, a prespermatogonial expressed protein,  have suggested that 

different populations of germ cells can be found in the fetal testis (Gaskell et al., 2004). 

Gonocytes were defined as the OCT4+/c-KIT+/MAGE-A4- germ cells. These cells then 

differentiate into a population of cells called intermediate germ cells. Intermediate 

germ cells are characterized by a reduction in OCT4 expression and a switching off 

of c-KIT (OCT4low/-/c-KIT-/MAGEA4-; Gaskell et al., 2004). The last stage of fetal germ 
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cell development is a population of germ cells with a profile of OCT4-/c-KIT-/MAGE-

A4+, termed prespermatogonia (Gaskell et al., 2004).  Several other markers (e.g., 

LIN28, c-KIT, AP-2γ and PLAP) have been described in fetal germ cells during the 

differentiation of the gonocytes into prespermatogonia. PLAP, c-KIT, OCT4 and ki-

67 are more frequently expressed during early stages of germ cell development, 

however it has been shown that they can still be detected in some germ cells of 

neonates (Honecker et al., 2004). These changes in protein expression coincide with a 

decrease in the gonocyte population and an increase in prespermatogonial cells, 

which no longer express markers of immature germ cells (Honecker et al., 2004). 

Honecker et al. (2004) used double staining of human fetal germ cells to demonstrate 

that gonocytes strongly express OCT4 and very weakly express VASA (dead (Asp-

Glu-Ala-Asp) box polypeptide 4 or DDX4 or HMVH) whereas the opposite 

expression pattern is observed in prespermatogonia (Honecker et al., 2004). When 

they co-stained for PLAP and OCT4, PLAP expression was down-regulated earlier 

than OCT4 expression, furthermore PLAP was only expressed in OCT4 positive germ 

cells. Finally, co-staining for OCT4 and c-KIT demonstrated that both proteins are 

expressed in comparable numbers of germ cells during the second trimester of 

pregnancy but by the third trimester c-KIT continued to be expressed in more germ 

cells (Honecker et al., 2004; Altman et al., 2014).  

 

AP-2γ is expressed in gonocytes from 12-37 weeks of gestation (Pauls et al., 2005). A 

known target for AP-2γ transcription factor is c-KIT and down-regulation of AP-2γ 

causes a reduction in c-KIT expression (Huang et al., 1998). The expression of AP-2γ 

in combination with c-KIT has been studied in human fetal testis germ cells where it 

was shown that they are co-expressed in gonocytes (Pauls et al., 2005).It was also 

shown that there is a gradual down-regulation of AP-2γ  from week 12 to 37 of 

gestation and complete absence of AP-2γ expression in normal adult testis (Pauls et 

al., 2005).  
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Stem cell pluripotency factor NANOG has been shown to be expressed in human 

gonocytes and its expression decreases with germ cell differentiation (Hart et al., 2005; 

Kerr et al., 2008).In comparison, SSEA4 is expressed in human gonocytes and 

prespermatogonia, however after 32 weeks of gestation, all cells within the 

seminiferous cords continue to express SSEA4, including Sertoli cells (Altman et al., 

2014) 

 

It has been reported that prespermatogonia lose the expression of  immature germ 

cell markers (Honecker et al., 2004), however they gain other markers, some of them 

are MAGE-A4 and VASA, which at 20 weeks of human fetal development have been 

reported to be co-expressed in prespermatogonia (Altman et al., 2014). During the 

second week of gestation,  

 

A summary of stem cell marker expression in gonocytes, intermediate germ cells or 

prespermatogonia can be seen in Table 1.2. 

 

Table 1.2. Stem cell markers in human fetal testis germ cells 
 cell type 

Markers Gonocyte 
Intermediate 

germ cells 
Prepermatogonia 

AP-2γ + + - 
c-KIT + - - 
LIN28 + + - 

MAGE-A4 - + + 
NANOG + + - 

OCT4 + Low/- - 
PLAP + + - 

SSEA4 + + + 
VASA Low/- + + 

(Altman et al., 2014; Gaskell et al., 2004; Hart et al., 2005; 
Honecker et al., 2004; Huang et al., 1998; Kerr et al., 2008; Pauls 
et al., 2005) 
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1.3.1.4. Spermatogonia 

Mammalian spermatogenesis is a classic adult stem-cell dependent process (Oatley 

and Brinster, 2008). From studies in mice using a transcription factor called 

neurogenin3 (ngn3), we know that there are two different populations of gonocytes 

during the neonatal period. One which gives rise to spermatogonia thus finishing the 

first round of spermatogenesis whilst the other population gives rise to 

spermatogonia stem cells (SSCs) or type A spermatogonia (Yoshida et al., 2004, 2006). 

SSCs are the basis for all subsequent rounds in spermatogenesis. In humans there are 

two types of spermatogonia A; pale and dark and type B spermatogonia (Waheeb and 

Hofmann, 2011). A summary of the different subtypes of spermatogonia that have 

been described in different species can be seen in Table 1.3.  

 

 

 

 

 

 

 

 

 

 

Table 1.3. Spermatogonial subtypes and number of generations in 
different species. 

Species No. Spermatogonial 
generations Nomenclature 

Mouse, Rat 9-11 
As, Apr, Aal (4, 8, 
16), A1-A4, In, B 

Hamster 9-11 
As, Apr, Aal (4, 8, 
16), A1-A3, In, B1, 

B2 

Ram 9-11 
As, Apr, Aal (4, 8, 

16?), A1-A3, In, B1, 
B2 

Pig 9-1 As, Apr, Aal (4, 8?, 
16), A1-A4, In, B 

Human 

Unknown number 
of divisions of A 

spermatogonia, 1 
generation of B 
spermatogonia 

A pale, A dark, B 

Monkey 

Unknown number 
of division of A 

spermatogonia, 4 
generations of B 
spermatogonia 

A pale, A dark, B1-B2 

As – Spermatogonia A single, Apr – Spermatogonia A paired, Aal – 
spermatogonia A aligned. Table modified from de Rooij & Russell, 

2000. 
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1.3.1.4.1. Dark type A (Adark) spermatogonia 

Human Adark spermatogonia have been referred to as the reserve stem cells (Dym, et 

al.,  2009; Waheeb & Hofmann, 2011). Morphologically, human Adark spermatogonia 

have been described to have a discoid nucleus containing a deeply stained dust-like 

chromatin (Clermont, 1972).  Their nucleus has been described as having a cavity 

containing pale hematoxylin stained material and one or more  nucleoli situated close 

to the nuclear membrane (Clermont, 1972). In rhesus monkey studies, Adark 

spermatogonia have high proliferative activity during pre-pubertal testicular 

development (Simorangkir et al., 2005), coinciding with the expansion of pale type A 

spermatogonia (Simorangkir et al., 2005).  In humans, Adark spermatogonia has been 

recognized as the true testicular stem cell based on their proliferation rate and models 

where the cellular associations within the seminiferous tubules were examined 

(Ehmcke & Schlatt, 2006; Amann, 2008).  

 

1.3.1.4.2. Pale type A (Apale) spermatogonia 

In humans, this population has been considered as the renewing stem cells, which 

means that this population gives rise to Spermatogonia B and replenishes the Apale 

spermatogonia pool (Ehmcke & Schlatt, 2006; Dym et al., 2009). Human Apale 

spermatogonia have an ovoid or discoid nucleus which has been shown to contain a 

pale stained granulated chromatin and one or two nucleoli attached to the nuclear 

envelope (Clermont, 1972). Studies in rhesus monkey Apale spermatogonia have 

shown evidence of a progenitor cell, furthermore that this population of germ cells 

proliferate at specific periods during each cycle of the seminiferous epithelium to 

produce both Apale spermatogonia or B spermatogonia, the next stage in 

spermatogonia development (Simorangkir et al., 2005). The proposed models for Adark 

and Apale proliferation can be seen in Fig. 1.6.  
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Figure 1.6. (A) Clermont (1966) and (B) Ehmcke & Schlatt (2006) models of spermatogonia proliferation. 
Ap- Apale spermatogonia, Ad – Adark spermatogonia, B – B spermatogonia. 
 

1.3.1.4.3. Type B spermatogonia 

In humans, there is only one generation of type B spermatogonia (Waheeb and 

Hofmann, 2011). These are the last cells that divide by mitosis and their division 

produces the preleptotene spermatocyte, the first cells of the next stage in the 

spermatogenic cycle (Hess, 1998).  Morphologically, human type B spermatogonia are 

pear-shaped cells in minimal contact with the basement membrane (Paniagua and 

Nistal, 1984). These cells contain a spherical nucleus containing several masses of 

heterochromatin (Paniagua and Nistal, 1984). 
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1.3.1.5. Spermatocytes 

The term spermatocyte was first used in 1876 by Adolf La Valette St George  (la 

George, 1876), who also coined the term spermatids, to describe the next step of germ 

cell maturation into a functional spermatid. Spermatocytes are able to pass through 

intratubular somatic (Sertoli) cell junctions (Russell, 1978). Russell has also studied 

the mechanism by which spermatocytes move from the basal to the adluminal 

compartment in the rat testis and he has shown that in the rat the first cell to enter the 

barrier created by the tight junctions of Sertoli cells is the leptotene spermatocyte 

(Russell, 1978). These tight junctions of Sertoli cells create the blood-testis barrier 

(BTB). 

 

In order for spermatogenesis to continue, meiosis must occur in the spermatocyte. 

During meiosis DNA is replicated in the preleptotene phase; then in the zygotene 

phase, chromosomes pair. Once chromosomes pairing is complete, the cells are 

termed pachytene spermatocytes. The next step is the diplotene phase which is very 

brief in which the chromosomes partially separate. Finally, the nucleus goes through 

metaphase, anaphase, and telophase to give rise to secondary spermatocyte followed 

by a second meiotic (meiosis II) division to yield haploid round spermatids 

(Clermont, 1972; O’Donnell et al.,  2006) 

 

1.3.1.6. Spermatids 

The process by which spermatids are generated is termed spermatidogenesis and it 

begins once the secondary spermatocytes have completed meiosis II culminating in 

the formation of haploid round spermatids. Once meiosis has concluded the round 

spermatids undergo physical transformation into sperm without further division by 

a process termed spermiogenesis (Clermont, 1972; O’Donnell et al., 2006; Hunter et 

al.,  2012). Mature spermatids are then released by the Sertoli cells in a process termed 

spermiation (O’Donnell et al.,  2011). 
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1.3.2. Selected markers of gonocytes, intermediate germ cells 

(gonocyte/prespermatogonia differentiation stage) and spermatogonia, 

which are relevant to the present study 

1.3.2.1. OCT4 

The octamer binding proteins are a group of transcription factors which bind to the 

octamer motif (ATGCAAAT) found in promoters and enhancers of numerous genes 

(Zhao, 2013). OCT4 also known as POU5F1 (Niwa et al., 2000) is a member of the POU 

family (Schöler et al., 1990). In humans, OCT4 is only expressed in totipotent 

embryonic stem cells (Yeom et al., 1996) and germ cells (Pesce et al., 1998; Zhao, 2013). 

Experiments performed in human embryonic stem cells have shown that down-

regulation of OCT4 expression can induce up-regulation of mesoderm and endoderm 

differentiation markers whilst elevated levels of OCT4 promoted the up-regulation of 

endoderm derivative markers. These finding indicate that OCT4 regulates cell 

differentiation into different cell lineages (Rodriguez et al., 2007). In the mouse fetal 

testis, it has been shown that OCT4 expression is observed in fetal germ cells such as 

the primordial germ cells and gonocytes and that down-regulation of OCT4 coincides 

with the start of meiosis (Pesce et al., 1998). This reduction in OCT4 expression  as 

testis development continues has also been reported in the human fetal testis 

(Anderson, et al., 2007). The mechanism by which OCT4 regulates human embryonic 

stem cells differentiation has been recently investigated and it has been shown that 

OCT4 silencing in human embryonic stem cells leads to an activation of the TP53 

pathway inducing the differentiation of these cells (Zhang et al., 2014). In humans, 

OCT4 is expressed from second trimester (12- 28 weeks) of fetal development to 

around a postnatal age of 2-4 months. This postnatal switch off of detectable OCT4 

expression coincides with the final differentiation of gonocyte into infantile 

spermatogonia (Honecker et al., 2004; Rajpert-De Meyts et al., 2004). Continued OCT4 

expression beyond the early postnatal months has been reported in patients with 

GCNIS (Jones et al., 2004) 
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1.3.2.2. PLAP 

Placental alkaline phosphatase (PLAP), is expressed mainly in the placenta where it 

is synthesized in the syncytiotrophoblast after the first trimester of pregnancy 

(Manivel et al., 1987; Leitner et al., 2001). PLAP function is associated with the 

transport of nutrients across the placenta, and it has been shown that low levels of 

PLAP result in low birth weight and low placental weight (Onyesom et al., 2009). 

Notably, women with poor weight gain in pregnancy release more PLAP into their  

bloodstream (Oesterling et al., 1977).  

As well as its expression and function in the placenta, PLAP is expressed in 

primordial germ cells, gonocytes, GCNIS and seminoma tumours ( Lange et al., 1982; 

Hustin et al., 1987; Manivel et al., 1987; Giwercman et a., 1991; Rajpert-De Meyts et 

al., 1996). PLAP expression is a well-established marker for GCNIS presence and it is 

currently used in the clinic for these purposes (Rajpert-De Meyts et al., 2015). The 

function of PLAP in germ cells is still unknown. 

 
1.3.2.3. LIN28 

Lineage protein 28 (LIN28) is one of the factors used to induce pluripotency in adult 

fibroblasts  (Yu et al., 2007).  LIN28 has been shown to be crucial for embryonic 

development as when mutated in C. elegans, whole larval stages are either skipped or 

repeated, implying a role for LIN28 in the regulation of cell fate (Ambros & Horvitz, 

1984; Ambros et al., 1989). LIN28 has been reported to be expressed in human 

primordial germ cells, gonocytes, GCNIS and TGCT (Almstrup et al., 2004; West et 

al., 2009; Cao et al., 2011; Aeckerle et al., 2012). LIN28 can be defined as a promoter of 

pluripotency (Tsialikas et al., 2015) as it has been shown that in human NT2 cells (a 

TGCC cell line) when LIN28 is repressed the cells undergo neuronal differentiation 

(Sempere et al., 2004). In ovarian cancer, the co-expression of LIN28 and OCT4 

correlates with advanced tumour grade (Peng et al., 2010). Furthermore, its 

expression has been shown to be unregulated other tumours such as neuroblastoma, 

hepatocellular carcinoma, Wilms’ Tumour and melanoma (Viswanathan et al., 2009). 
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1.3.2.4. MAGE-A4 

Melanoma associated antigen 4 is a protein encoded by the MAGE-A4 gene (Rogner 

et al., 1995). In human germ cells it has been reported to be expressed in 

spermatogonia (Yakirevich et al., 2003) and in a subpopulation of GCNIS (Aubry et 

al., 2001). MAGE-A4  forms part of a large family of tumour-associated antigens,  

known as the cancer testis antigens (CTA; Fratta et al., 2011), which are expressed in 

tumours of different histological origin but not in normal tissues with the exception 

of the testis and placenta. Epigenetic regulation of CTA expression has been 

demonstrated, where DNA methyltransferases (DNMTs) are responsible for the 

presence and maintenance of methylated cytosines within the promoter region of 

CTAs (Fratta et al., 2011).  MAGE-A4 has been shown to be expressed in a 

subpopulation of GCNIS cells  (Aubry et al., 2001), and it has been shown that the 

expression of MAGE-A4 can be stimulated in melanoma cell lines by using 

demethylating agents such as 5-AZA-2’-deoxycytidine in thyroid cancer cells (Gunda 

et al., 2013). This suggests that the promoter of MAGE-A4 might be methylated in 

melanoma. 

 

1.3.3. Mitosis-meiosis regulation in germ cells 

Once germ cells have differentiated into spermatogonia, they will either continue to 

divide by mitosis or undergo meiosis, and this decision is controlled by several 

factors. A lot of our understanding of the factors that might play a role on germ cell 

fate comes from the study of nematodes, flies and mice.  

Studies performed in mice have revealed some of the key players involved in the 

regulation of mitosis and meiosis, these include CYP26b1 (an enzyme that degrades 

retinoic acid), retinoic acid and stimulated by retinoic acid 8 (Stra8; Bowles et al., 2006; 

Koubova et al., 2006). Retinoic acid controls mouse fetal germ cell entry into meiosis 

and mouse embryonic stem cell differentiation into ectodermal cells, and it also 

reduces Oct4 and Nanog mRNA and protein levels in mouse spermatogonial stem 

cells (Bowles et al., 2006; Koubova et al., 2006; Zhang et al., 2015). 
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The literature establishes that in mice meiotic initiation requires retinoic acid, which 

in turn activates the meiotic inducer Stra8, however the mechanism by which the 

switch to meiosis is controlled is still being investigated (Anderson et al., 2008). Some 

of the candidate genes with a potential role in mitosis-meiosis regulation are 

fibroblast growth factor 9 (Fgf9; Bowles et al., 2010), Nodal (Souquet et al., 2012), 

Nanos  C2HC-type zinc finger (Nanos2; Suzuki and Saga, 2008), doublesex and mab-

3 related transcription factor 1 (Dmrt1; Matson et al., 2010), deleted in azoospermia-

like (Dazl; Lin et al., 2008), msh homeobox homolog 1 (Msx1) and msn homeobox 

homolog 2 (Msx2; Le Bouffant et al., 2011) and Stra8 (Anderson et al., 2008).  

Fgf9, Nodal and Nanos2 prevent meiosis initiation in embryonic germ cells (Suzuki & 

Saga, 2008; Bowles et al., 2010; Souquet et al., 2012), whereas Dazl and Stra8 are 

required for meiosis entry, the latter regulated by Dmrt1, Msx1 and Msx2  (Lin et al., 

2008; Matson et al., 2010; Le Bouffant et al., 2011). Cyp26b1 is responsible for the 

degradation of retinoic acid, thus preventing meiosis (Bowles et al., 2006).  

A dysregulation of these genes has been demonstrated in GCNIS, where the 

expression of meiosis inducers and meiosis inhibiting regulators are expressed in 

subpopulations of GCNIS (Jørgensen et al., 2013). Furthermore, a detailed study of 

DMRT1 expression in GCNIS has demonstrated that DMRT1 expression is higher in 

GCNIS from pre-pubertal patients when compared to GCNIS from post-pubertal 

patients (Jørgensen et al., 2013). Moreover, in humans, genetic variation within the 

DMRT1 locus has been shown to result in a predisposition to TGCC development 

(Koster et al., 2014), and in mice its deficiency is characterized by the presence of 

TGCC (Krentz et al., 2009). 
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1.3.4. Sertoli cells (SCs) 

SCs are responsible for germ cell maintenance and survival. Sertoli cell ablation in 

adult mice leads to rapid germ cell loss (Rebourcet et al., 2014). In adult men SCs are 

localized to the intratubular compartment and can be identified by their irregularly 

shaped nuclei with prominent nucleoli and the content of cytoplasmic inclusions in 

the basal region of the cytoplasm (Schulze, 1974). It has been demonstrated by cell 

tracing experiments that Sertoli cells originate from the coelomic epithelium (Karl and 

Capel, 1998) and once SCs are specified, they begin to proliferate and aggregate with 

the PGCs, mesonephric cells then migrate, and enclose the pre SC-PGC aggregates to 

form seminiferous cords. In the mouse, these events are regulated by the expression 

of Sry (Martineau et al., 1997) 

Sry is involved in SC differentiation, as the interaction of Sry with steroidogenic factor 

1 (Sf1) triggers Sox9 expression in SCs (Sekido and Lovell-Badge, 2009). SCs are 

capable of production of different factors that regulate testicular development (i.e. 

AMH; Rey et al., 2003) and germ cell development (i.e. glial cell derived neurotrophic 

factor (GDNF; Chui et al., 2011)). Failure of maturation of SCs is linked to the 

pathogenesis of TGCC (Skakkebaek et al., 1998; Sharpe et al., 2003).  

1.3.4.1. Indicative proteins of Sertoli cell maturation 

As SCs differentiate a decrease in laminin α5 chain gene expression and increase in 

AMH occurs (Pelliniemi and Fröjdman, 2001). After puberty, AMH expression 

decreases and the expression of laminin α5 increases again. This suggests that there 

might be transcription factors that enhance laminin α5 and reduce AMH (Pelliniemi 

and Fröjdman, 2001). Androgen receptor (AR) is expressed in mature Sertoli cells and 

its expression has been established to initiate at puberty (Suárez-Quian et al., 1999; 

Shapiro et al., 2005). A number of additional proteins that are potentially involved in 

Sertoli cell maturation in human fetal Sertoli cells have been described (Fig. 1.7). 
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Figure 1.7. Age-related changes in expression of proteins involved in human Sertoli cell maturation. 
Modified from Brehm et al., 2006 and complemented by Virtanen et al., 1986; Vliegen et al., 1993; 
Rogatsch et al., 1996; Majdic et al., 1997; Rajpert-De Meyts et al., 1999; Steger et al., 1999; Pelliniemi 
& Fröjdman, 2001; Franke et al., 2004; Gaskell et al., 2004. 
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1.3.4.2. AMH 

In the testis, germ cell proliferation is dependent on FSH. FSH regulates the 

production of different factors in SCs, such as AMH (Lukas-Croisier et al., 2003). 

During fetal life AMH is responsible for Müllerian duct regression, a critical step 

towards male fetal gonad differentiation (Nef & Parada, 2000; Rey et al., 2003) 

AMH is a member of the transforming growth factor beta (TGF-β) pathway (di 

Clemente et al., 2003) and through this pathway it can inhibit steroidogenesis by 

inhibiting aromatase activity and mRNA levels in rat fetal Sertoli cells in vitro 

(Rouiller-Fabre et al., 1998). AMH can also inhibit the differentiation of Leydig cells 

within the gonad, as demonstrated by the overexpression of AMH in male transgenic 

mice, resulting blocked differentiation of Leydig cell precursors (Racine et al., 1998).  

Mitogen-activated protein kinase (MAPK) pathway has also been linked to the 

regulation of AMH (Lukas-Croisier et al., 2003; Rice et al., 2006). This was 

demonstrated in studies using FSH (Lukas-Croisier et al., 2003) and metformin (Rice 

et al., 2006), where it was shown that in mouse pre-pubertal Sertoli cells (SMAT1) 

AMH is regulated through protein kinase A (PKA), where the selective block of PKA 

reduced AMH (Lukas-Croisier et al., 2003). It has also been shown that metformin 

downregulates AMH production, however the mechanism by which metformin has 

this effect is unknown (Rice et al., 2006) 

Notably it has been established that AMH production decreases after puberty (Rey et 

al., 1993; Hero et al., 2012). However, studies have shown that in healthy adult men 

and men with reduced sperm concentrations, the levels of serum AMH are in fact 

comparable (Tüttelmann et al., 2009). 
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1.3.4.3. Androgen receptor (AR) 

AR is a member of the nuclear receptor superfamily, subfamily 3C (Lubahn et al., 

1988). It was in 1988 that this nuclear receptor was cloned in the X chromosome, 

however it was already known that AR regulates male development. During fetal life 

AR functions as a morphogen that directs the male phenotype development (Lubahn 

et al., 1988). Furthermore during puberty it functions as a growth and differentiation 

factor to  stimulate reproductive function of the fully virilized male (Lubahn et al., 

1988).  

Mutations in the AR in the male fetus can lead to incomplete male development or 

even result in a phenotypically female external phenotype appearance (Quigley et al., 

1995). Clinical disorders resulting from AR mutations are far more common than 

resistance disorders for other members of the steroid receptor family and more 

mutations have been reported in the AR gene than in any other transcription factor 

(Quigley et al., 1995). In humans, AR is expressed in peritubular myoid cells 

throughout life, however in Leydig cells and Sertoli cells AR is absent during fetal life 

and becomes evident only at puberty (Suárez-Quian et al., 1999; Shapiro et al., 2005; 

Eacker & Braun, 2007).  

Understanding the function of the AR has come from spontaneous AR mutations, 

from humans with androgen insensitivity syndrome (AIS) and AR KO mouse models.  

AIS is caused by AR mutations involving virtually every type of DNA alteration 

known, all leading to suboptimal AR expression or non-functional AR (Quigley et al., 

1995) and increased risk of TGCC (Sharpe and Skakkebaek, 2008). AIS is characterized 

by the presence of Leydig cells which do not respond to androgens (Strickland and 

French, 1969), Leydig cells in AIS are also characterized by defective binding of 

androgen to AR or absence of AR nuclear expression (Ritzén et al., 1972; Keenan et 

al., 1974). The severity of AIS can vary from mild AIS (MAIS), through partial AIS 

(PAIS) to complete AIS (CAIS) where there is a total inactivation of AR and 

phenotypic sex reversal (Hughes et al., 2012). 
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MAIS is based on the evidence of AR mutations in infertile men where no evidence 

of genital anomalies is present (Zuccarello et al., 2008). Patients with PAIS can present 

with micropenis, severe hypospadias and/or bifid scrotum, which may contain 

gonads. However, diagnosis of PAIS is difficult given that other DSDs can also 

produce a similar phenotype (Hughes et al., 2012). Patients with CAIS will present 

with primary amenorrhea, where normal breast development and pubertal growth 

are observed at the appropriate age from androgens being aromatized to estrogens to 

induce female secondary sexual characteristics (Hughes et al., 2012).  

From knockout (KO) mouse models, we now know that mice with global AR KO 

(ARKO) consistently present with a CAIS phenotype, with female like appearance 

and body weight, and small intra-abdominal testes (Yeh et al., 2002; Notini et al., 

2005).   

ARKO has also been done in specific cells within the testis of mice such as the Sertoli 

cell ARKO (SCARKO), peritubular myoid cell ARKO (PTM-ARKO), Leydig cell 

ARKO (LARKO) and germ cell ARKO (GARKO). These studies have demonstrated 

that in Sertoli cells, peritubular myoid cells and Leydig cells AR is important for 

fertility as all of these ARKO mice models are infertile (De Gendt et al., 2005; Tsai et 

al., 2006; Welsh et al., 2009; Walters et al., 2010). The GARKO mouse is fertile, which 

suggests that in germ cells AR is not necessary for spermatogenesis and that essential 

roles of AR might come from indirect cell-cell communication in a paracrine fashion 

(Tsai et al., 2006).  
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1.3.5. Intermediate Filaments and Sertoli cell maturation 

Intermediate filaments constitute a major structural element of animal cells, they 

stabilize cells and tissues in order to maintain the integrity of tissues and along with 

desmosomes and junctions generate transcellular networks that sustain the rigidity 

and flexibility and integrate individual cells into tissues (Herrmann et al., 2007). 

There are six major classes of intermediate filaments, Type I and II comprise acidic 

and basic keratin; type III such as vimentin and desmin; type IV i.e. neurofilaments; 

type V, laminins; and type VI, nestin (Satelli and Li, 2011).  

1.3.5.1. Desmin 

Desmin, an intermediate filament, is a muscle-specific protein that in the testis,  is 

present in PTM cells, SCs of the human fetal testis and cryptorchid testis and in 

GCNIS-containing tubules (Virtanen et al., 1986; Rogatsch et al., 1996; Paulin & Li, 

2004).  In the GCNIS-containing tubules, desmin is localized close to the basement 

membrane (Rogatsch et al., 1996). Desmin has also shown to play a role in cancer 

development, which is relevant for the present study. In colorectal cancer, desmin 

expression is localized to the stroma and its expression correlates with advanced 

stages of  disease (Ma et al., 2009; Arentz et al., 2011)   

1.3.5.2. Vimentin 

Vimentin is an intermediate filament that has been shown to provide resilience to 

mechanical stress in vivo, and this is supported by the resistance to breakage of 

vimentin under conditions of high strain in vitro (Goldman et al., 1996). Vimentin 

disassembly during mitosis is regulated by phosphorylation. When cells are exposed 

to phosphatase inhibitors vimentin rapidly hyperphosphorylates and disassembles, 

suggesting that vimentin disassembly during cell division is regulated by a 

kinase/phosphatase system (Chou et al., 1990; Eriksson et al., 1992). Vimentin 

assembly disruption leads to changes in cell shape, general organization and integrity 

of the cytoplasm and destabilization of other cytoskeletal systems (Goldman et al., 

1996).  
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In the testis, vimentin has been shown to be expressed in immature Sertoli cells 

throughout gestation and continuity into adulthood in healthy males. Vimentin is 

also expressed in Sertoli cells in GCNIS-containing tubules, SCO syndrome patients, 

and patients with infertility (Steger et al., 1996; Aumüller et al., 1988; Franke et al., 

2004; Jones et al., 2004). However, there have been no studies investigating vimentin 

expression in GCNIS-containing tubules in samples from patients with pre-invasive 

and invasive TGCC. Furthermore, since 1988 there have been no studies of vimentin 

expression in Sertoli cells of the normal adult testis, where vimentin expression was 

shown with DAB immunohistochemistry (Aumüller et al., 1988).  

Vimentin is overexpressed in various epithelial cancers, which includes prostate 

cancer (Y. Zhao et al., 2008), gastrointestinal tumours (Takemura et al., 1994), tumours 

of the central nervous system (Bouamrani et al., 2010), lung cancer (Al-Saad et al., 

2008), malignant melanoma (Ben-Ze’ev and Raz, 1985; Hendrix et al., 1992) and breast 

cancer (Gilles et al., 2003), where in general vimentin expression correlates with 

accelerated tumour growth, invasion and poor prognosis. 

1.3.5.3. Cytokeratin 

The role of cytokeratin, a type II intermediate filament, was first studied by Vassar 

and colleagues (1991) where they showed that a mutant keratin gene in the epidermis 

can cause severe skin abnormalities, such as blistering when mild mechanical trauma 

was inflicted such as rubbing the skin. This provided the first evidence to support 

keratin’s role in the mechanical strength of epithelial cells (Vassar et al., 1991; Cooper, 

2000a).  

In the testis, cytokeratin 18 and 20 have been shown to be expressed in Sertoli cells 

up to 20 weeks of human fetal testis development, in GCNIS-containing tubules and 

SCO tubules (Rogatsch et al., 1996). Cytokeratin is not expressed in tubules with 

active spermatogenesis from patients with normal testicular tissue (Stosiek et al., 

1990).  
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In 2004 the most widely used applied cytokeratin test was the monoclonal based 

tissue polypeptide antigen (TPA), which measures cytokeratin 8,18 and 19 in serum 

samples (Barak et al., 2004). 

TPA has been used as a serological marker in various human adult epithelial cell-

associated carcinomas such as breast cancer (Gion et al., 2000), colorectal cancer 

(Carpelan-Holmström et al., 1996), lung cancer (Buccheri and Ferrigno, 1988), head 

and neck cancer (Becciolini et al., 1993) and bladder cancer (Bennink et al., 1999).  

In TGCC, non-seminoma tumours have been shown by immunohistochemistry to 

express cytokeratin whilst seminoma tumours do not and instead express vimentin, 

demonstrating that these two proteins could be useful for the differential diagnosis 

of these two different types of tumours (Ramaekers et al., 1985). Therefore, the study 

of vimentin expression in GCNIS cell-containing tubules from patients with invasive 

tumours might be different depending on the type of tumour, however this has not 

been studied. 

 

1.3.6. The Blood-Testis-Barrier (BTB) 

In humans, the BTB becomes established at puberty (~11-12 years of age; Cheng & 

Mruk, 2010). The BTB is a structure formed by adjacent Sertoli and is comprised by 

tight junctions (TJ), gap junctions (GJ), a basal ectoplasmic specialization (ES) and 

desmosomes (Li et al., 2016). The BTB causes the compartmentalization of the 

seminiferous epithelium into two contiguous cellular compartments. Inferior to the 

barrier is the basal compartment, which is in contact with the limiting membrane of 

the tubule and blood borne substances. The early stage germ cells reside in the basal 

compartment up to zygotene spermatocyte, while the remaining ones occupy the 

adluminal or apical compartment. The apical compartment is essential for the 

maintenance of meiosis as it has been shown that irreversible disruption of the BTB 

with glycerol or cadmium is known to cause infertility. TJ are formed between 

adjacent Sertoli cells near the basement membrane of the seminiferous tubules, which 

are surrounded by actin filament bundles. This actin microfilament bundles along 
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with the TJ create the basal ectoplasmic specialization (ES). Another ES is located in 

the Sertoli-spermatid interface, and because of its localization, this ES is the apical ES. 

The GJ is an actin based cell-cell communication junction and its found mostly at the 

BTB along with the basal and apical ES. GJ proteins are connexin (Cx) 43, Cx33 and 

Cx26 and these proteins organize into hexamers in order to form the GJ (Fig. 1.8;  

reviewed by Cheng & Mruk, 2012; Li et al., 2016). 
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Figure 1.8. The blood testis barrier. Relative location of apical and basal ectoplasmic specialization (ES) 
in the seminiferous epithelium of mammalian testes and their physiological relationship with 
spermatids and Sertoli cells during the epithelial cycle of spermatogenesis. Blood–testis barrier (BTB), 
located near the basement membrane (BM), physically divides the seminiferous epithelium into the 
basal and the apical (adluminal) compartments. ‘Coexisting’ tight junctions (TJs), gap junctions (GJs), 
and basal ES together with desmosomes constitute the BTB in the testis. The most notable and unique 
feature of the BTB is the presence of tightly packed actin filament bundles that lie perpendicular to the 
Sertoli cell plasma membrane and sandwiched between the endoplasmic reticulum (ER) and the 
opposing Sertoli cell plasma membranes. The apical ES, a testis specific adherens junction (AJ), also 
shares similar ultrastructural features of the basal ES at the BTB except that the tightly packed actin 
filament bundles were only found in the Sertoli cell and no visible ultrastructures were seen in the 
elongating/elongated spermatid. Also, apical ES do not coexist with any other junctions at the 
spermatid– Sertoli cell interface. Influx and efflux drug transporters are also found in Sertoli cells, 
spermatogonia, spermatocytes, and spermatids that regulate the movement of xenobiotics ‘in’ and 
‘out’ of the seminiferous epithelium. In rodent and human testes, spermatogenesis can be defined into 
different stages, such as I–XIV, I–XII, and I–VI in the rat, mouse, and human, respectively. Modified from 
Wan et al., 2013. 
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Amongst the functions of the BTB is the restriction of the flow of small biomolecules 

such as ions, sugars, hormones and other subtances between the basal and apical 

compartment and also between adjacent Sertoli cells (Vitale et al., 1973; Setchell, 

1980). Furthermore, it has been shown that the BTB confers polarity to Sertoli cells  

(Wong & Cheng, 2009; Cheng & Mruk, 2010), which confers the Sertoli cells with its 

most typical characteristic which is the localization of its nucleous near the basement 

membrane (Li et al., 2016). The BTB physically divides the seminiferous epthelium, in 

which the event of meiosis take place in the apical compartment (Li et al., 2016). 

Moreover the BTB segregates post-meiotic spermatids from cells in the basal 

compartment (SSCs, spermatogonia, preleptotene spermatocyte) and cells in the 

interstitium (resident macrophages, Leydig cells, endothelial cells and fibroblasts) 

therefore sequestering late stage spermatocyte and spermatid specific antigens from 

systemic circulation ( reviewed by Cheng & Mruk, 2012; Li et al., 2016). 

The BTB is considered to be very tight, however is continuously remodels throughout 

the spermatogenic cycle to allow the entry  of subtances and biomolecules necessary 

fot the support of meiosis and spermatogensis, furthermore it also reconfigurates 

itself to allow the crossing of spermatocytes through the barrier during mouse 

spermatogenesis (Li et al., 2016). 

 

1.3.7. Peritubular myoid (PTM) cells  

The lamina propria of the seminiferous tubules in humans consists of cells with a 

myoid  appearance (Virtanen et al., 1986), the PTM cells, which together with Sertoli 

cells form the boundaries of the spermatogonial stem cell niche (Chen et al., 2014). 

Much of our knowledge of PTM cells comes from rodent studies, where it has been 

shown that PTM cells express proteins including alpha smooth muscle actin (SMA), 

fibronectin, desmin and GDNF (Anthony & Skinner, 1989; Tung & Fritz, 1990; 

Palombi et al., 1992). Alpha-Smooth muscle actin has been established as an indicative 

protein of terminal differentiation of PTM cells (Palombi et al., 1992).  
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PTM cell derived Gdnf has been proved to be essential for the survival, proliferation 

and self-renewal of isolated spermatogonial stem cells in mice (SSC; Chen et al., 2014). 

It has also been shown that testosterone induces Gdnf mRNA and protein expression 

in isolated PTM cells, and studies have shown that androgen receptor knockout  in 

PTM cells causes azoospermia and infertility in mice (Welsh et al., 2009). With this 

same model, it has also been shown that AR in PTM cells regulates Leydig cells 

differentiation and function (Welsh et al., 2012). 

 

1.4. Leydig cells 

LCs produce androgens in a process called steroidogenesis (Fig 1.9). This process 

begins with cholesterol, the precursor for all steroid hormones. Steroidogenic acute 

regulatory protein (StAR) translocates cholesterol from the outer mitochondrial 

membrane to the inner membrane. After cholesterol translocation, the first enzymatic 

reaction (side chain cleavage) takes place converting cholesterol into pregnenolone. 

3β-hydroxysteroid dehydrogenase (HSD) and CYP17 then converts pregnenolone 

into androstenedione, the precursor of testosterone (Reviewed by Scott et al., 2009).  

 

 
Figure 1.9. Steroidogenesis in the testis. Modified from Plant et al., 2015. 
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1.5. The hypothalamic-pituitary-gonadal (HPG) axis 

The HPG axis involves the production of gonadotrophin releasing hormone (GnRH) 

from the hypothalamus, which will signal the pituitary to produce follicle stimulating 

hormone (FSH) and luteinizing hormone (LH). FSH stimulates Sertoli cells to support 

spermatogenesis whereas LH targets Leydig cells to produce testosterone. 

Testosterone then has a negative feedback effect at the level of hypothalamus and the 

pituitary to regulate LH and FSH production. In response to FSH,  pre-pubertal 

Sertoli cells also produce inhibin B (Meachem et al., 2001), which feeds back on the 

pituitary to suppress FSH production (Fig. 1.11; Forest et al., 1976; O’Donnell et al., 

2006). There are two isoforms of inhibin and inhibin B is the physiologically relevant 

form in men (Illingworth et al., 1996; Meachem et al., 2001). The production of inhibin 

B in the adult testis is not only dependent on FSH but is also regulated by 

spermatogenic status (Pierik et al., 1998).  When spermatogenesis is defective such as 

in SCO syndrome, inhibin B falls and FSH levels increase (Fig 1.10; Meachem et al., 

2001).  
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Figure. 1.10. The male hypothalamic-pituitary-gonadal axis (Graphics modified from hormones.org and 
resources.med.fsu.edu) 

In male embryos, androgen production starts at approximately 8 weeks of 

development and declines before birth (Lu et al., 2006). During the neonatal period 

androgens rise again, followed by a drop within the first year of life (Lu et al., 2006). 

At puberty, plasma concentrations of testosterone increase again and are maintained 

throughout adult life until they gradually decline with aging (Lu et al., 2006).   
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1.6. The Extracellular Matrix 

The extracellular matrix (ECM) is made up by stromal cells, which include fibroblasts, 

endothelial cells, smooth muscle cells and immune cells. The ECM mediates 

communication between cells and contributes to survival and differentiation, it 

regulates almost all cellular behaviors and is indispensable for major developmental 

processes (Lu et al., 2011).  The ECM is a highly dynamic structure, which can 

undergo constant remodeling by modifying its deposition and degradation or by 

modifying its components (Lu et al., 2011). These dynamic changes in structure are 

essential for tissue architecture and cell differentiation (Lu et al., 2011).    

 

In the testicular germ stem cell niche, ECM is required for SC differentiation, and 

testicular cord formation. This was demonstrated when Sertoli cells organized into 

cordlike structures and became polarized when cultured within reconstituted 

basement membrane from Engelbreth-Holm-Swarm murine sarcoma (Hadley et al., 

1985). Furthermore, where TJs could be observed between SCs and germ cells and 

when SCs organized into cords, the SCs were capable of maintaining germ cells. 

These germ cell were able to continue to differentiate (Hadley et al., 1985). As 

mentioned before in section 1.3.1.1, the ECM is involved in the migration of PGCs 

where fibronectin, laminin and collagen IV disposition changes during and after 

PGCs migration (Garcia-Castro, 1997). 

 

In diseases such as cancer, the ECM becomes disorganized and can contribute to cell 

migration in TGCT (Timmer et al., 1994; Lu et al., 2012). It has been suggested that 

cells do not move at random though the ECM and instead have machinery that sense 

ECM organization and tension during migration (Lu et al., 2011). Evidence for the 

role of the ECM in tumour progression has been documented in a study of integrin 

subunits, where it has been shown that the progression of GCNIS to invasive 

seminoma is associated with loss of alpha 3 integrin subunit expression by the tumour 

cells. This suggests that strong expression of alpha 3 integrin  may be related to the 

non-invasive character of  GCNIS (Timmer et al., 1994).  
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1.6.1. Fibronectin 

The protein fibronectin has as many as 20 variants in humans, arising from alternative 

splicing of a single pre-mRNA (Kosmehl et al., 1996; Pankov & Yamada, 2002). It is a 

constituent of the insoluble ECM (Pankov and Yamada, 2002) and it mediates several 

cellular interactions with the ECM. It is important for cell adhesion, migration, 

growth, differentiation and wound repair (Mosher, 1989). During embryogenesis 

fibronectin is required for embryonic cell migration (Mosher, 1989) and its expression 

is increased in tissues during remodeling and fibrosis (Yamada and Clark, 1988). The 

fibronectin molecule has multiple domains which allow it to interact with wide range 

of cell types (Yamada and Clark, 1988) and molecules such as heparin, 

collagen/gelatin, fibrin (Pankov and Yamada, 2002), cytokines (Yamada and Clark, 

1988) and integrins (Plow et al., 2000). Using proteolytic fragmentation and 

recombinant DNA analysis the distinct functional and structural domains that 

mediate fibronectin interactions with other molecules were defined (Mosher, 1989). 

In TGCC, it has been suggested that fibronectin may play a key role in adhesion of 

tumour cells during invasion and metastasis (Timmer et al., 1994). 

 

1.7. The cell cycle 
 

1.7.1. Cell cycle in eukaryotic cells.  

The cell cycle in eukaryotic cells can be divided into mitosis and interphase (Fig. 1.10). 

A typical eukaryotic cell cycle is typified by human cells in culture and lasts ~24 

hours. However, mitosis (nuclear division) and cytokinesis (cell division) last only 

about an hour. Then 95% of the cell cycle is spent in interphase, the period between 

mitoses. Although the cell cycle is continuous, DNA is only synthesized during a 

specific period of interphase (S-phase). Interphase can be divided into three phases. 

The first phase is the G1 phase, occurring between mitosis and the initiation of DNA 

replication. After G1 phase is S phase, where DNA is replicated, and finally this phase 

is followed by the G2 phase. In G2 phase the cell continues its growth and the cell 
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prepares for the initiation of mitosis, for instance by synthetizing proteins, such as 

cyclins (Cooper, 2000b).  

 

1.7.2. Regulation of the cell cycle. 

As described previously, the cell cycle is comprised of a series of coordinated events, 

the purpose of which is to replicate DNA and accomplish cell division. Two types of 

cell cycle control mechanisms have been described, firstly, a cascade of protein 

phosphorylation directs a cell from one stage to the next and secondly a set of 

checkpoints monitor completion of an event and delays progression to the next stage 

if necessary (Collins et al., 1997). The first type of control involves the regulation of 

the cell cycle by cyclin dependent kinases (CDK), which requires their association 

with a transiently expressed cyclin subunit which is only present at the appropriate 

period of the cell cycle. These cyclin subunits pair with their partner CDK creating an 

active complex with unique substrate specificity (Fig. 1.6). The CDK-cyclin complexes 

then regulate the cell cycle by phosphorylation and dephosphorylation, where the 

CDK is the catalytic kinase subunit and the cyclin is the activating subunit (Collins et 

al., 1997; Suryadinata et al., 2010). In mammalian cells CDK4 and CDK6 in association 

with cyclin D are activated. This activation in important for cell cycle progression 

during G1 phase (Matsushime et al., 1992; Meyerson and Harlow, 1994). The cyclin E-

CDK2 complex is active during the transition from G1 into S-phase (Ohtsubo et al., 

1995). Cyclin A-CDK2 and cyclin A-CDK1 are important during S phase and G2 phase 

progression respectively (Pagano et al., 1992; 1992b). Finally, progression into mitosis 

is regulated by the CDK1-cyclin B complex (Fig. 1.11; Guadagno & Newport, 1996). 
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Figure 1.11. The cell cycle and its regulation. The regulation of cell cycle consists of a DNA synthesis (S) 
phase and a mitotic phase, separated by two gap (G1 and G2) phases. In mammalian cells different 
cyclin-cyclin dependent kinases (CDK) regulate progression of cells trough the different phases of the 
cell cycle. Modified from: http://www2.le.ac.uk/departments/genetics/vgec/schoolscolleges/topics/ 
cellcycle-mitosis-meiosis ©Clinical Tools, Inc and Suryadinata et al., 2010. 

The second type of cell cycle control comprises a set of checkpoints, which play a 

major role in maintaining the integrity of the genome. During the cell cycle, the DNA, 

the spindle and the spindle pole are under surveillance at these checkpoints and any 

malfunction may result in formation of genetic instability characteristic of 

precancerous and cancerous cells (Hartwell and Kastan, 1994). 
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1.8. Disorders of sex development (DSD) 

DSDs are defined as congenital conditions in which development of chromosomal, 

gonadal, or anatomical sex is atypical (Hughes et al., 2006; Cools et al., 2011). DSD is 

composed of various disorders, which are; 46, XY DSD (undervirilisation of an XY 

male), 46, XX DSD (overvirilisation of an XX female), Ovotesticular DSD (presence of 

ovarian and testicular tissue), 46, XX testicular DSD ( XX male or XX sex reversal) and 

46, XY complete gonadal dysgenesis (XY sex reversal; Hughes et al., 2006). DSD 

patients have an increased prevalence of GCNIS as well as testicular germ cell 

tumours (TGCT) when a Y chromosome is present (Lau, 1999; Cools et al., 2011) . The 

increased tumour risk is highly heterogeneous and it is attributed to a set of 

mechanisms such as cryptorchidism and decreased testosterone production (Cools et 

al., 2011). These parameters, apart from being possible mechanisms by which patients 

with DSD have an increased tumour risk, are components of the testicular dysgenesis 

syndrome (TDS; Skakkebaek et al., 2001; Sharpe & Skakkebaek, 2008) described 

below. 

1.9. Testicular dysgenesis syndrome (TDS) 

Alterations in the steroidogenic pathway during fetal life can result in low 

testosterone production during testicular development leading to masculinization 

disorders which manifest at birth such as cryptorchidism (non-descendent testis), 

hypospadias (penis malformations), or in young adulthood as TGCC and low sperm 

counts (Skakkebaek et al., 2001). These associated disorders, which are risk factors for 

each other have been increasing in incidence over the past several decades and have 

been hypothesized to comprise a testicular dysgenesis syndrome (TDS; (Skakkebaek 

et al., 2001).  The hypothesis for TDS origin highlights a potential central role for 

deficient androgen production/action during fetal testis development as a key player 

for TDS origin and downstream disorders (Sharpe and Skakkebaek, 2008). 
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In humans, it has been shown that TDS disorders are of higher incidence in Denmark 

compared to Finland, suggesting that there are environmental/lifestyle differences 

between these two countries or ethnic differences that are contributing to TDS 

development (Jørgensen et al., 2001). Moreover, a faster rate of perinatal testis 

development has been demonstrated in Finnish boys compared to Danish boys and 

based on these two observations it has been hypothesized that the components of this 

syndrome have a common origin in fetal life (Jørgensen et al., 2001; Boisen et al., 2004; 

Richiardi et al., 2004; Sharpe & Skakkebaek, 2008).  

 

A model to study testosterone down-regulation during fetal testis development has 

been previously documented (Fisher et al., 2003). In this study, rat fetal testes were 

exposed to phthalates during a specific masculinization programming window 

(MPW), which in rats occurs between the 15.5 and 17.5 embryonic day (Fisher et al., 

2003). Using this model it was demonstrated that phthalates can prevent testicular 

descent, lower testosterone production, cause testicular dysgenesis, germ cell loss, 

Sertoli cell only tubules containing immature Sertoli cells in rats exposed in utero do 

di(n)butyl phthalate (DBP; (Fisher et al., 2003). All of these effects are described on 

the  TDS-like spectrum of disorders in the male offspring and are associated with  

reduced testosterone production by the fetal testis (Sharpe et al., 2011). 

In humans, the MPW is hypothesized to be between 8-14 weeks of gestation (Welsh 

et al., 2008). Also in humans, it was noted that a degree of testicular dysgenesis was 

present in a proportion of specimens of testicular parenchyma adjacent to neoplasms 

of the testicle (Sohval, 1954, 1956). Since then, it has been suggested that the 

pathogenesis of TGCC has an element of testicular maldevelopment (Damgaard et 

al., 2002; Fisher et al., 2003; Nistal et al., 2006; Rajpert-De Meyts, 2006). 

Overall, these studies have provided strong support for the hypothesized causes of 

TDS in human males. Because of the clinical and animal model findings highlighted 

above, there has been more acceptance of the TDS concept and its hypothesized 

model (Fig. 1.12). 
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Figure 1.12. Testicular dysgenesis syndrome (TDS) model diagram to illustrate how dysgenesis of the 
early fetal testis is thought to lead to abnormalities of somatic cell function, resulting in hormonal 
changes and the downstream disorders that comprise testicular dysgenesis syndrome (TDS). The central 
role of testosterone is highlighted by the red boxes. Dashed lines show pathways that are hypothesized 
but unproven. PTM = peritubular myoid cell; Insl3 = insulin-like factor 3; AMH = anti-müllerian hormone; 
GCNIS = germ cell neoplasia in situ; SCO = Sertoli cell only. Modified from Sharpe and Skakkebaek, 2008. 
 

An important recent finding came from the inhibition of androgen production/action 

in rodents by in utero exposure to DBP (Scott et al., 2007) or neonatal exposure to 

flutamide (a non-steroidal antiandrogen; Atanassova et al., 2005) is the reduction in 

Sertoli cell numbers in the perinatal period. This implies that androgens play a key 

role in Sertoli cell proliferation given that Sertoli cell number in adulthood impacts 

sperm production in men (Sharpe et al., 2003). Reduction in testosterone levels in the 

fetal testis lead to reduced SC numbers and in turn results in low sperm counts in 

adulthood, as proposed by the TDS hypothesis (Sharpe and Skakkebaek, 2008). 

Recent data has shown that androgens might regulate Insl3 postnatal expression in 

mice (De Gendt et al., 2005). As mentioned earlier INSL3 plays a role in the 

transabdominal phase of testicular descent, therefore a reduction in intratesticular 

testosterone could lead to reduced INSL3 production, resulting in incomplete 

suboptimal testicular descent.  A history of cryptorchidism is the single biggest risk 

factor for TGCC development and this association has been known for almost a 

century (Wood and Elder, 2009). It has been shown that GCNIS is present in the testis 



Chapter 1 Literature Review 44 

 
 

of men with prior diagnosis of cryptorchidism, and 10% of TGCC patients will have 

presented previously with cryptorchidism (Swerdlow et al., 1997; Giwercman et el., 

1989). Furthermore, in a meta-analysis of 21 studies exploring the association of 

cryptorchidism and TGCC risk, an overall relative risk of developing TGCC was 4.8 

for patients with cryptorchidism (Dieckmann and Pichlmeier, 2004).  

TGCC patients may have very low sperm counts and men with TGCC have fewer 

children compared to control males even prior to the development of a tumour 

(Petersen et al., 1998; Møller & Skakkebaek, 1999; Jacobsen et al., 2000). These findings 

suggest that male subfertility and TGCC share important etiological factors.  

Lower birth weight has been associated with TGCC and similarly lower birth weight 

has been associated with hypospadias and low sperm counts (Skakkebaek et al., 

2001). Lower birth weight and low sperm counts association was shown in a study 

where adult men with normal semen analysis had higher birth weight compared to 

that of men with unexplained subfertility (Francois et al., 1997).  

The association between TGCC and birth weight was further investigated in a meta-

analysis study of 13 epidemiological studies where it was shown that men that 

weighted less than 2,500 grams at birth had a higher risk for developing testicular 

cancer later in life that those with normal birth weight (2,500-4000g). A similar trend 

was observed in men with a birth weight above 4,000g (Michos et al., 2007). A Danish 

study showed an association between lower birth weight and hypospadias, this 

research indicates that there was a three times higher occurrence of very low birth 

weight infants among cases with hypospadias (Nissen et al., 2015).  
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1.10. Testicular germ cell cancer pathogenesis 

1.10.1. Germ cell neoplasia in situ (GCNIS) 

The precursor lesion of TGCC is germ cell neoplasia in situ (GCNIS; Rajpert-De 

Meyts, 2006; Skakkebæk, 1972). GCNIS is believe to originate from the gonocyte 

which instead of differentiating normally into prespermatogonia, a block in its 

differentiation gives rise to GCNIS cells that remain in the testis until puberty when 

they can give rise to germ cell tumours (Fig 1.13). 

Figure 1.13. Testicular germ cell cancer pathogenesis model. This diagram illustrates current 
understanding of the pathogenesis of testicular germ cell neoplasia in situ (GCNIS) in relation to germ 
cell differentiation. EC – embryonal carcinoma; TER – teratoma; YST – yolk sac tumour; CHC – 
choriocarcinoma. Modified from Rajpert De-Meyts et al., 2006. 

GCNIS have been described as gonocyte like cells, which are located near the 

basement membrane of the seminiferous tubules of patients that eventually develop 

TGCC. Several studies have characterized these cells by their protein and gene 

expression, (Jacobsen & Nørgaard-Pedersen, 1984; Jørgensen et al., 1995; Aubry et al., 

2001; Almstrup et al., 2004; Jones et al., 2004). From these studies it is known that 

GCNIS express genes such as NANOG, c-KIT, OCT4, AP2γ, PLAP, M2A, TRA-1-60 

and MAGE-A4. Some of these genes are required for pluripotency (i.e. OCT4, 

NANOG) and some are spermatogonial proteins (i.e. MAGE-A4). These studies 
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provide evidence that the origin of GCNIS are fetal germ cells such as the gonocytes, 

a theory that was proposed in 1987 by Skakkebaek et al. (Skakkebaek et al., 1987). 

 

More evidence for the fetal origin of GCNIS is the absence of a cyclin-dependent 

kinase (CDK) inhibitor p19-INK4d in GCNIS and overt germ cell tumours. This 

inhibitor can be identified in spermatocytes and remains present at low levels in 

spermatids. However, as in GCNIS it is absent in fetal gonocyte (Bartkova et al., 

2000b). This same pattern is observed for retinoblastoma protein (pRB), the 

expression of which is not observed in gonocytes nor in GCNIS (Bartkova et al., 2003). 

Further studies have shown that when comparing the mRNA expression profiles of 

microdissected GCNIS, gonocytes, oogonia and cultured embryonic stem cells (with 

and without genomic aberrations), GCNIS are more similar to gonocytes than to 

embryonic stem cells, as only five genes distinguished gonocytes from GCNIS (Sonne 

et al., 2009). Furthermore, no evidence was observed to suggest that GCNIS could be 

derived from a meiotic cell (Sonne et al., 2009). Thus, these experiments support the 

hypothesis that GCNIS originate from gonocytes. 

 

Methylation studies demonstrated that the methylation status of GCNIS and 

gonocytes are similar, based on the expression of histone modification marks and 

DNA methylation markers (Almstrup et al., 2010). Furthermore, normal fetal germ 

cell development requires the complete erasure and re-establishment of DNA 

methylations and it has been shown that GCNIS remain unmethylated in the adult 

testis (Kristensen et al., 2013; Wermann et al., 2010). All this again is in agreement 

with the fetal origin of GCNIS.  

 

GCNIS from patients with pre-invasive TGCC will remain in the testes until 

unknown events take place coinciding with the onset of puberty or early childhood 

when GCNIS gain invasive potential that can results in the formation of tumours. 

These tumours can be classified into two main histologic categories; Seminoma 

tumours, which retain the germ cell phenotype and non-seminomas tumours, which 
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can develop somatic, embryonic and extra-embryonic patterns (George J. Bosl, M.D., 

and Robert J. Motzer et al., 1997). 

 

1.10.2. Molecular biology of GCNIS and TGCC 

In 1982, it was first reported that in TGCC, there was a gain of chromosome 12p (Atkin 

and Baker, 1983). Since then, several studies have kept demonstrating this (Chaganti 

et al., 1989; Dal Cin et al., 1989; Suijkerbuijk et al., 1991). Other genes that have been 

identified to be overexpressed are KRAS, Ethanolamine Kinase (EKl1), and lactate 

dehydrogenase B (LDHB; Rodriguez et al., 2003). Mutations in these genes have also 

been found in other cancers such as lung and colorectal cancer and studies in these 

cancers suggest that mutations in these genes have an unfavorable prognosis as they 

have shown that there is resistance to therapy depending on the mutation found in 

the tumour (Pao et al., 2005; Lièvre et al., 2006). 

 

In many other cancers as well as in TGCC, oncogenes might play a role in their 

development. Some of the oncogenes that have shown to be increased in expression 

in TGCC are  KRAS, platelet derived growth factor subunit A and B (PDGFA and 

PDGFB), epidermal growth factor receptor (EGFR) and MET proto-oncogene, 

receptor tyrosine kinase (MET; Peltomäki et al., 1991; Ridanpää et al., 1993). Other 

studies have also shown the overexpression of other oncogenes such as c-MYC in 

seminomas, yolk sac tumours and embryoid components of tumours (Sikora et al., 

1985).  

 

In seminoma tumours, it has been shown that CXCR4 and CXCL12 are implicated in 

tumour metastasis, as mentioned previously these molecules are important for 

primordial germ cell migration (McIver et al., 2013). This study has shown that 

CXCR4 is elevated in seminoma cells compared to normal testis and non-seminoma 

tumours, furthermore they show that CXCL12 exposure induces TCAM2 cells 

(seminoma cell line) invasion through simulated basement membrane, while in 
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contrast NT2 and 833ke cells (non-seminoma cell line) do not invade in response to 

CXCL12 treatment (McIver et al., 2013). 

 

1.10.2.1. KIT amplification in TGCC 

Another gene found to be specifically amplified and overexpressed in seminomas is 

KIT. KIT might play an important role in GCNIS progression towards seminoma 

(McIntyre et al., 2005). KIT expression was examined in 111 seminomas and 73 non-

seminomas and KIT amplification was observed in 21% of seminomas, but in none of 

the non-seminoma samples (McIntyre et al., 2005). Amplification of KIT was not in 

regions of samples containing GCNIS located adjacent to the tumours where KIT 

amplification was observed (McIntyre et al., 2005). This suggest that KIT mutations 

might be implicated in GCNIS activation and tumour formation.  

 

1.10.2.2. TP53 overexpression in TGCC 

Early studies on TP53 in TGCC have shown that mutations in this gene do not occur 

(Peng et al., 1993). However, a search in the catalogue of somatic mutations in cancer  

(COSMIC) shows that TP53 is actually mutated in 7% of seminomas (Forbes et al., 

2006). Although wildtype TP53 is overexpressed in TGCC it has been demonstrated 

that its targets genes are inactive (Guillou et al., 1996). Cisplatin, which is the 

chemotherapeutic drug of choice used to treat seminoma and non-seminoma 

tumours acts through the P53 protein to damage DNA (Gutekunst et al., 2011), and 

the overexpression of wildtype TP53 might be the explanation for the success of 

cisplatin treatment in TGCT. 

 
1.10.2.3. Gankyrin and its potential role in TGCC 

Gankyrin is an oncogene initially described in hepatocellular carcinoma (HCC; Fu et 

al., 2002), but has also been studied in TGCC, where it has been shown to be part of a 

regulatory network between Gankyrin, TP53 and DNA (cytosine-5) -

methyltransferase 1 (DNMT1), regulated by miR-199a and miR-214 (Chen et al., 2014).  

In terms of Gankyrin expression in the normal testis,  it has been reported to be 

expressed in spermatogonia, spermatocytes and spermatids (Ando et al., 2014), but 
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there is no current literature outlining Gankyrin expression in the human fetal testis 

and GCNIS from TGCC patients. 

It is known that Gankyrin prevents OCT4 degradation (Qian et al., 2012),  and 

physically interacts with MAGE-A4. MAGE-A4 is a protein expressed in 

spermatogonia and spermatocytes which decreases the oncogenic potential of 

Gankyrin (Nagao et al., 2003). This suggest that Gankyrin could be playing an 

important role in germ cell differentiation and GCNIS origin, given that OCT4 is 

expressed in gonocytes and GCNIS (Almstrup et al., 2004; Anderson et al., 2007), and 

MAGE-A4 is expressed in prespermatogonia, spermatogonia, spermatocytes and in 

a subpopulation of GCNIS (Aubry et al., 2001; Yakirevich et al., 2003). 

1.10.3. Mitosis and meiosis regulation in GCNIS 

Germ cells have the ability to switch from mitosis to meiosis, and this has been 

investigated in GCNIS by characterizing the expression of proteins that are highly 

expressed in spermatocytes and spermatids but absent or down-regulated in 

gonocytes. GCNIS have been shown to heterogeneously express meiosis markers 

such as  Stra8 and NANOS2, however there has been no investigation of the potential 

role of these markers in relation to GCNIS invasiveness and progression of TGCC 

(Jørgensen et al., 2013).  

Dmrt1 has been shown to be involved in control of the mitosis-meiosis switch in mice 

(Matson et al., 2010).  Recently, DMRT1 has been characterized in GCNIS and it has 

been demonstrated that a subpopulation of GCNIS from pre-pubertal and post-

pubertal patients with pre-invasive TGCC express DMRT1 (Jørgensen et al., 2013). 

This same study also showed that DMRT1 positive GCNIS are quiescent. This 

suggests that there is a subpopulation of GCNIS that aberrantly express DMRT1 and 

therefore have lost the appropriate regulation of meiosis and mitosis. 
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1.10.4. The role of Sertoli cells in Testicular germ cell cancer 

pathogenesis 

Sertoli cells in GCNIS-containing tubules are often phenotypically immature as they 

express desmin (Rogatsch et al., 1996), AMH (Rajpert-De Meyts et al., 1999), 

cytokeratin 8, 18, 19 (Rogatsch et al., 1996; Steger et al., 1996; Nistal et al., 2006), M2A 

(Sonne et al., 2006), and aromatase (Rago et al., 2005). A summary of the expression 

of proteins indicative of Sertoli cell maturation in GCNIS-containing tubules is 

outlined in Table 1.4.  

 

Immature SCs have been described in Sertoli cell only (SCO) tubules, with  expression 

of  AMH, cytokeratin 18 and M2A (Steger et al., 1996; Maymon, 2000; Maymon et al., 

2002;). Persistence of higher circulating blood levels of AMH has also been detected 

in patients with either hypogonadotropic hypogonadism or CAIS. Importantly SCs 

in CAIS patients do not express AR and its absence is suggested as a cause for the 

failure of SC maturation. (Sharpe et al., 2003). It is unknown whether the lack of AR  

could be due to AMH persistency or if AMH persistency is due to an absence of AR 

expression  or if there is no relationship between them (Sharpe et al., 2003). 

 

 

 

Table 1.4. Sertoli cell maturation markers studied in GCNIS-containing tubules. 
Marker Tumour cells Sertoli cells n Author 

AMH - NS 1 
Rajpert-De Meyts et 

al., 2001 
Cytokeratin 8, 18 AND 19 + + 53 Nistal et al., 2006 

M2A + NS 33 Sonne et al., 2006 
Aromatase + + 20 Rago et al., 2005 

Desmin - + 47 Rogatsch et al., 1996 
NS – not shown 
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1.11. Germ cell tumours 

The classification of germ cell tumours, the anatomical site where they are located, 

phenotype, age of appearance, originating cells and the animal models available for 

the different types of TGCTs is outlined in Table 1.5.  

Germ cell tumours can be classified into four types, and be located at different parts 

of the body. The originating cells of germ cells tumours are primordial germ cells or 

gonocytes and the tumours can develop at different ages that can go from neonates 

to older than 50-year-old patients.  

Germ cell neoplasia in situ (GCNIS) is the precursor lesion of seminoma and non-

seminoma type II testicular germ cell tumours (TGCT). Seminoma and non-

seminoma TGCTs originate from PGCs or the gonocytes, which are fetal germ cells 

that undergo a block in their differentiation and instead become GCNIS. 
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Table 1.5. The five types of germ-cell tumour 

Type 
Anatomical 

site 
phenotype age 

Originating 
cells 

Animal model 

I 

Testis/Ovary/ 
sacral region/ 

retroperitoneu
m/mediastinu

m/ 
neck/midline 
brain/other 

rare sites 

teratoma/ 
yolk-sac 
tumour 

Neonates 
and 

children 

early 
PGC/gonocyte 

mouse 
teratoma 

II 

Testis 
Seminoma/ 

non-seminoma 

>15 years 
(median 

age 35 and 
25 years) 

PGC/gonocyte Not available 

Ovary Dysgeminoma/ 
non-seminoma 

>4 years PGC/gonocyte Not available 

Dysgenetic 
Gonad 

Seminoma/ 
non-seminoma 

Congenital PGC/gonocyte Not available 

Anterior 
mediastinum 

(thymus) 

Seminoma/ 
non-seminoma 

Adolescents PGC/gonocyte Not available 

Midline brain 
(pineal gland/ 

hypothalamus) 

Germinoma/ 
non-

germinoma 

Children 
(median 
age 13 
years) 

PGC/gonocyte Not available 

III testis Spermatocytic 
seminoma >50years 

Spermatogo-
nium/ 

spermatocyte 

Canine 
seminoma 

IV Ovary Dermoid cyst 
Children/ 

Adults 
oogonia/ 

oocyte 
Mouse 

gynogenote* 

V 
Placenta/ 

uterus 
Hydatidiform 

mole 
Fertile 
period 

Empty ovum/ 
spermatozoa 

Mouse 
androgenote+ 

Modified from Oosterhuis & Looijenga, 2005 
 
* Gynogenotes – Animals with maternal chromosomes only that are artificially created 
using nuclear transfer experiments. +Androgenote – Animals with paternal chromosomes 
only that are artificially created using nuclear transfer experiments. 
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1.11.1. Seminoma and non-seminoma management 

The cure rate for seminomas is 99%, where the treatment after orchidectomy is 

usually radiotherapy to retroperitoneal and ipsilateral pelvic lymph nodes. However, 

after radiotherapy some studies have shown that there can be a relapse in 5% of the 

patients which can be treated with chemotherapy, but there is close to 100% survival 

from this disease (Horwich et al., 2006).  Non-seminomas are highly sensitive to 

platinum-based chemotherapy with the exception of mature teratoma (Oosterhuis 

and Looijenga, 2005). Cisplatin resistance will present in 10-30% of patients diagnosed 

with metastatic non-seminoma (Oosterhuis and Looijenga, 2005). Depending on the 

stage of seminoma and non-seminoma tumours, specific treatment can be offered, as 

outlined in Table 1.6 or seminoma tumours and in Table 1.7 for non-seminoma 

tumours. 

Table 1.6. Standard treatments of seminoma 

Stage Treatment Options 5 years OS (%) 

I 
Surveillance or 20Gy radiation 

or carboplatin X 1-2 >99

II 

30-36Gy radiation preferred 
for non-bulky disease (<3cm) 
BEP X3 or EP X4 preferred for 

bulky disease (>3cm) 

>95

III EP X4 or BEP X3 >90

Abreviations: BEP - bleomycin, etoposide and cisplatin; EP - 
etoposide and cisplatin; OS - overall survival, modified from 
Hanna & Einhorn, 2014. 
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Table 1.7. Standard treatment of non-seminomatous germ cell tumours 

Stage Treatment Options 5 years OS (%) 

I Surveillance or RPLND or 
BEP X1 

>99 

II 

RPLND preferred for non-
bulky disease (<3 cm) BEP 
X3 or EPX4 preferred for 

bulky disease (>3cm) 

90 

III: Good risk BEP X3 or EP X4 >90 

III: intermediate*/poor risk 
four cycles of 3-drug 

therapy 
50-80 

Abbreviations: BEP - bleomycin, etoposide and cisplatin; EP - etoposide and 
cisplatin; OS - overall survival, PFS - progression-free survival, RPLND - retro 
peritoneal lymph node dissection. * The addition of paclitaxel to BEP 
improved PFS but not OS in intermediate risk patients, some patients can 
be treated with BEP X3 or BEP X3 followed by EP X1. modified from Hanna 
& Einhorn, 2014. 

 

1.11.2. Cisplatin 

Cisplatin discovery in 1965 has a massive impact on oncology and was on the most 

important discoveries in the treatment of metastatic testicular cancer. Cisplatin is now 

a component of first line chemotherapy treatment in several types of cancer including 

breast, cervical, lung, bladder, head and neck, ovarian and testicular cancer (McGuire 

et al., 1996; Go & Adjei, 1999; Brave et al., 2006; Dasari & Tchounwou, 2014; Hanna & 

Einhorn, 2014).  

Since the introduction of cisplatin, patients with testicular cancer have a cure rate of 

70-80% and the overall survival rate for patients with seminoma and non-seminoma 

tumours are 86-92% respectively (Go and Adjei, 1999). 

Despite the use of cisplatin being responsible for the high survival and cure rates, it 

also accounts for a number of toxic effects such as nausea and vomiting, 

nephrotoxicity, neurotoxicity and myelosuppression (Go and Adjei, 1999). 
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Cisplatin’s mode of action is DNA interaction, where it forms a covalent adduct with 

purine bases.  This interaction has been proposed to be the root for the cytotoxic effect 

of cisplatin. Once cisplatin damages DNA, cells can either repair the DNA and 

continue the cell cycle or undergo apoptosis, and the pathways involved in the 

cytotoxic effects of cisplatin are described in Fig. 1.14.  

Figure 1.14. An overview of pathways involved in cisplatin-induced cellular effects. Modified from Siddik 
2003. 
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1.11.2.1. Cisplatin resistance 

As mentioned above, cisplatin is one of the front-line clinical therapies for TGCC, and 

its cytotoxicity is caused by the formation of DNA adducts, which form intrastrand 

cross-links that activate the apoptotic pathway, resulting in cell death (Siddik, 2003). 

Some patients will have a good response to cisplatin initially but then relapse and 

present with cisplatin resistance, these patients correspond to a 10-30% of those who 

have developed a metastatic non-seminoma tumour (Oosterhuis and Looijenga, 

2005).  

An explanation for the relapse of these tumours is the differentiation of the tumour 

cells to terminally differentiated somatic tissue, which will not respond to 

chemotherapy at the same level as embryonic cells (Oosterhuis and Looijenga, 2005). 

Mature teratoma in contrast with less differentiated tumours, expresses pRB, P21 and 

P27, which allows these cells to undergo cell cycle arrest (see Fig.1.14). Whereas in 

seminoma, embryonal carcinoma and yolksac tumours P21 is not expressed (Guillou 

et al., 1996) and there is a sustained or increased expression of P27 (Bartkova et al., 

2000a). Retinoblastoma (RB) has been shown to be absent in seminomas and yolksac 

tumours (Bartkova et al., 2003). 

As mentioned before TP53 is over-expressed in TGCC, and is known to be mutated 

in 7% of seminoma tumours, and even though TP53 is overexpressed, its target genes 

are absent, suggesting that this pathway is not active in TGCC (Guillou et al., 1996; 

Forbes et al., 2006). TP53 is a key player in cisplatin cytotoxicity, where its 

downstream genes regulate cell cycle arrest (Fig. 1.12) and intrinsic (FAS) and 

extrinsic apoptosis (BCL2 Binding Component 3 (PUMA) and Phorbol-12-Myristate-

13-Acetate-Induced Protein 1 (NOXA)). The activation of these pathways is crucial in 

the response to chemotherapeutic drugs (Koster et al., 2013) where, for instance, 

cytoplasmic levels of P21 have been shown to correlate with cisplatin resistance in an 

embryonal carcinoma cells line (NT2). In NT2 cells high levels of cytoplasmic P21 

correspond to higher resistance to cisplatin (Koster et al., 2010). Furthermore, the 
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inhibition of cytoplasmic P21 by serine/threonine kinase (AKT) inhibition, sensitized 

NT2 cells to cisplatin (Koster et al., 2010). 

Cisplatin causes a DNA-damage response in TGCC cells, and resistance to cisplatin 

seems to be a multifactorial process. Apart from the above mentioned pathway 

cisplatin resistance might be due to changes in drug transport which could lead to a 

reduction or increase in drug uptake or accumulation, changes in DNA repair and 

damage bypass, alterations in the apoptosis cell death pathways or increase in 

intracellular detoxification (Köberle et al., 2010). 

 

1.12. Testicular germ cell cancer incidence and epidemiology 

Approximately 95% of testicular tumours are germ cell tumours (Bosl and Motzer, 

1997). Testicular germ cell cancer has been increasing in incidence over the last 

century (3 to 4 fold since the 1940’s) and is now the most common malignancy 

amongst men aged 20-40, with its peak incidence occurring between 18 and 35 years 

of age (Schottenfeld et al., 1980; Giwercman et al., 1993; Bray et al., 2006). Several 

factors have been suggested to play a role in the development of this disease, 

including racial, geographical, environmental, lifestyle, nutrition, familial 

components and cryptorchidism. 

 

As for the ethnic component it is well established that black American men have 

lower incidence in TGCC compared to white American men (Daniels et al., 1981). The 

highest incidence was observed in Caucasians of north American descent and the 

lowest incidence was found in people of African or Asian descent (Horwich et a., 

2006) This research was supported by Moul et al. (1994), where they looked at a cohort 

of black men diagnosed with testicular tumours, where the incidence of interstitial 

tumours was higher compared to the general population. In this study they found 

that although presenting a high incidence with seminomas the age of diagnosis was 

much earlier (Moul et al., 1994).  Hormones have been suggested to play a role in 

ethnic variation in TGCC, as it has been shown that the black population has higher 

levels of testosterone compared to white populations. Furthermore, circulating 
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testosterone recorded in blood samples from black pregnant women are higher than 

the levels of blood testosterone in white women during the same period of pregnancy 

(~9 weeks of gestation; Henderson, et al., 1988). This could suggest that the higher 

levels of testosterone in black women might contribute to lower incidence of TGCC 

in male offspring. 

 

As for familial risk factors it has been shown that a male sibling of an individual with 

TGCC have an 8-10 fold increased risk of developing TGCC and 4-6 fold increase if 

the father had TGCC (Dong and Hemminki, 2001; Hemminki and Li, 2004) . Other 

studies suggest that there is no association between a major gene and the 

predisposition of this disease but rather multiple susceptibility loci with weak effects 

that might contribute to the disease  (Forman et al., 1992; Hemminki & Li, 2004; 

Crockford et al., 2006; Kratz et al., 2010). Some of the genes that have been suggested 

to predispose men to TGCC in Genome-wide association studies (GWAS) include 

DMRT1, c-KIT ligand (KITL), SPRY domain containing 4 (SPRY4), BCL2 

antagonist/killer 1 (BAK1), a set of sex determination genes which include GATA 

binding protein 4 (GATA4),  FGF9, forkhead box L2 (FOXL2),  amongst others 

(Poynter et al., 2012; Chung et al., 2013; Roelof Koster et al., 2014).  

 

A geographical component of TGCC predisposition was demonstrated by a study 

performed in immigrant populations in Denmark and Switzerland, where 

Switzerland has a lower incidence of TGCC than Denmark (Chia et al., 2010). Studies 

in the Danish immigrants demonstrated that the first generation of immigrants had a 

lower risk of TGCC, which was comparable to that or their country of origin and the 

second generation of immigrants adopted the TGCC risk of Denmark. However, the 

contrary is observed when the country of origin was Denmark and they migrated to 

Switzerland (Hemminki and Li, 2002; Schmiedel et al., 2010). This evidence suggests 

that when women migrate from a high to a low TGCC risk country or vice versa, the 

pregnancies conceived in their new permanent country adopt the TGCC risk of that 

country. These findings indicate an environmental or lifestyle component. 
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Cryptorchidisms involvement in the pathogenesis of TGCC is well documented, 

where it has been shown that cryptorchid patients are more susceptible than the rest 

of the population to TGCC (Pereira et al., 1995). The first data published about 

cryptorchidism and its relation to TGCC was in the 1940’s reporting that cryptorchid 

patients had around 40 fold higher risk of developing TGCC compared to those born 

with scrotal testis (Campbell, 1942). However, recent studies have demonstrated that 

this initial study overestimated the risk, which is now considered to be 4.0-5.7 fold 

(Dieckmann and Pichlmeier, 2004). The studies in the 1940’s did however have 

correctly identified features that significantly increase TGCC risk, such as 

abnormalities of the external genitalia, endocrinopathy and/or abnormal karyotype 

and abdominally retained testes in bilateral undescended testis (UDT) compared with 

inguinal or scrotal testes (Wood and Elder, 2009).  

Studies performed in 90 patients (112 testes) concluded that a higher risk of TGCC is 

associated with malignant transformation in abdominally retained testes (25%) 

compared to inguinally retained testes (7%) and scrotal testes (0%) (Ford et al., 1985). 

The data supporting that there is an increased risk of TGCC in a contralateral normal 

descended testis are however weaker (Wood and Elder, 2009). Increased risk in 

developing germ cell tumours (GCT) has been observed in patients with syndromes 

that cause abnormal testicular development such as Klinefelter’s and Down’s 

syndrome and patients with XY dysgenesis (Nichols et al., 1987; Satgé et al., 1997; 

Levin, 2000). 

Childhood over-nutrition has also been proposed as a risk factor for developing 

TGCC (Dieckmann and Pichlmeier, 2004). This theory links the increasing availability 

of food with obesity leading to an increase in TGCC incidence. It was  demonstrated 

that during periods of history where global food supplies decreased, the incidence of 

over-nutrition related diseases, including TGCC, declined (Dieckmann and 

Pichlmeier, 2004) . However, there are some discrepancies in this theory as it has been 
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shown that body mass index of patients does not provide an accurate status of 

nutritional health of patients (Dieckmann and Pichlmeier, 2002). Furthermore to 

validate the effects of nutrition in TGCC pathogenesis in humans, nutrition would 

have to be assessed for a prolonged period from childhood up to adulthood 

(Dieckmann and Pichlmeier, 2004). However, animal studies carried out to 

investigate this association have shown that lowering the food intake of animals did 

reduce the incidence of cancer, although this is not specific for TGCC (Albanes, 1987). 

 

1.13. Testicular germ cell cancer models 

The need to develop TGCC models is required in order to develop improved targeted 

therapies. Clinically, as mentioned above, TGCC is  treated with cisplatin based 

chemotherapy, surgery and in some cases radiotherapy and although the success rate 

for TGCC is excellent, patients often suffer long-term adverse effects, including 

cardiovascular disease, secondary malignancies, kidney dysfunction and hearing loss 

(Neumann et al., 2011). It is for these reasons, there is a need to develop animal 

models to better understand the molecular basis of TGCC. 

Amongst the mouse models that have been developed for type I TGCT there is the 

129/Sv mouse. These mice develop teratomas and yolksac tumours; tumours that 

have been described as most similar to type I TGCC tumours (Stevens and Hummel, 

1957; Stevens and Little, 1954). Another mouse model is the Pten-knockout mouse 

which develops teratomas and the PGCs in these animals proliferate more than 

normal and show more capacity to generate embryonic germ cells (Kimura et al., 

2003). Another mouse model is the fragile histidine triad (Fhit) knockout mouse, 

which spontaneously develops tumours in a variety of tissues including the testis 

(Fujishita et al., 2004). 

 

Recently, a type II seminoma tumour model has also been developed in a zebra fish 

where by mutation of Leucine-rich repeat-containing protein 50 (llrc50) they develop 

type II seminomas, which appear to be analogous to human seminomas (Basten et al., 
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2013). Furthermore, in this same study heterozygous germline LRRC50 mutations 

have been identified in two different pedigrees with a family history of seminoma 

(Basten et al., 2013).  

 

1.14. DNA methylation in TGCC 

DNA methylation is an epigenetic modification of the genome which is a heritable 

epigenetic mark involving the transfer of a methyl group to the C-5 position of the 

cytosine rings of DNA by DNA methyltransferases (DNMT; Robertson, 2005; Jin et 

al., 2011).  The family of DNMTs responsible for DNA methylation are DNMT1, 

DNMT2, DNMT3A, DNMT3B and DNMT3L (Bestor, 2000). 

Another mechanism of epigenetic control is histone methylation where histone tails 

undergo a variety of covalent modifications including acetylation, methylation, 

phosphorylation, ubiquitination or sumoylation, changes which can alter processes 

such as gene transcription (Cedar and Bergman, 2009; Jin et al., 2011).  

Both DNA methylation and histone modifications are involved in establishing 

patterns of gene expression (Fig. 1.15;  Cedar & Bergman, 2009).  
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Figure 1.15. Epigenetic mechanisms.  Three fundamental mechanisms of epigenetic gene regulation. 
Epigenetic mechanisms of gene expression are subserved by three distinct, yet highly interrelated, 
mechanisms. 1) DNA methylation refers to the addition of a methyl group to the 5-position of cytosine 
in the context of CpG dinucleotides to define the “fifth base of DNA.” 2) Histone methylation which 
consists in the posttranslational modifications of the amino-terminal tails of histone proteins (light and 
dark blue balls) and the density of these proteins per unit length of DNA, can importantly affect 
chromatin structure and constitute a putative “histone code”. 3) RNA-based mechanisms have also 
recently been shown to impact on the higher-order structure of chromatin. Modified from Yan et al., 
2010. 
 

DNA and histone methylation patterns can alter the phenotype of tumours and alter 

gene expression. Alterations in DNA methylation of CpG dinucleotides at the 5 

position of deoxycytidine residues (5 methylcytosine; 5mC) are a hallmark of cancer 

cells, including TGCT (Netto et al., 2008). Netto and colleagues have shown that 5mC 

is reduced in GCNIS and seminomas whereas it is expressed in a more consistent 

pattern in non-seminomas. Furthermore, they have concluded that TGCTs are 

derived in most cases from GCNIS that have undergone developmentally 

programmed 5(m)C erasure. Additionally, they conclude that the degree of 

subsequent de novo methylation is most closely related to the differentiation state of 

the neoplastic cells, where GCNIS and seminoma cells remain unmethylated whilst 

all the other histological types appear to arise from de novo methylation (Netto et al., 

2008). 
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Recently it has been shown that GCNIS contain very low levels of 5mC and 5hmC (5- 

hydroxymethylcytosine), which is a methyl and a hydroxyl group in a cytosine that 

in mammals can be generated by oxidation of the 5mc mediated by ten eleven 

translocation (TET) enzymes (Tahiliani et al., 2009; Kristensen et al., 2013). However, 

DNMT1, DNMT3B and DNMT3L are present in GCNIS  (Netto et al., 2008; Kristensen 

et al., 2013;), suggesting that some methylation activity is taking place. 

Both GCNIS and fetal gem cells express an initiator of active demethylation, 

apolipoprotein B mRNA editing enzyme catalytic subunit 1 (APOBEC1) and the base 

excision repair proteins methyl-CpG binding domain 4 (MBD4), 

apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1) and poly(ADP-ribose) 

polymerase 1 (PARP1; Kristensen et al., 2013). This again demonstrates the similarity 

between  GCNIS and fetal germ cells (Kristensen et al., 2013).  

Histone methylation has also been studied in GCNIS in which histone 3 di-

methylation at lysine 9 (H3K9me2), histone 3 tri-methylation at lysine 27 

(H3K27me3), histone 3 methylation at lysine 4 (H3K4me1), histone 3 di/tri-

methylation at lysine 4 (H3K4me2/3), histone 3 acetylation at lysine 9 (3K9ac), 

Enhancer of Zest 2 (EZH2), ubiquitously transcribed tetratricopeptide repeat, X 

chromosome (UTX) and Jumonji domain containing-3 (JMJD3) were characterized. It 

was concluded that the chromatin modification in GCNIS were similar to that of 

gonocytes (Almstrup et al., 2010). Another study has shown that EZH2 is down 

regulated in samples where spermatogenesis is disrupted, including GCNIS, 

decreasing further in tumour samples (Hinz et al., 2010), suggesting a potential role 

for EZH2 in GCNIS progression to TGCC.  
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1.15. Cell cycle in cancer 

The connection between cell cycle and cancer comes from the fact that in cancer there 

is an inappropriate control of cell proliferation, which is regulated by the cell cycle 

machinery. 

At least two checkpoints detect DNA damage; one at the G1-S transition and one at 

the G2-M transition (Hartwell and Kastan, 1994). The checkpoint controlling entry 

into S phase prevents the cell from replicating damaged DNA. Cells with DNA 

damage will increase P53 protein levels by a post-transcriptional mechanism 

(Kuerbitz et al., 1992). P53 induction can lead to apoptosis or cell cycle arrest in G1 

via induction of its downstream genes (Hartwell and Kastan, 1994). As mentioned 

above in the molecular biology of GCNIS section, it has been reported that  7% of 

seminomas present with P53 mutations, and although TP53, the gene responsible for 

encoding the tumour suppressor protein p53,  is expressed in high levels in TGCC, 

TP53 target genes are inactive (Peng et al., 1993; Guillou et al., 1996; Forbes et al., 

2006). The mode of action of cisplatin is through  inducing DNA damage and 

therefore TP53 might be one of the key players in cisplatin resistance in TGCC (Siddik, 

2003; Gutekunst et al., 2011).  
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1.16. Thesis Hypothesis 

Aberrant protein expression in GCNIS cells and Sertoli cells from GCNIS-containing 

tubules contribute to TGCC progression.  

 

1.17. Aims of the Thesis 

The main objective of this thesis was to determine whether there are associations 

between the protein profile of GCNIS or Sertoli cells with development and 

invasiveness of testicular germ cell tumours. In order to investigate this, a key 

approach was to compare GCNIS from patients with pre-invasive and invasive 

TGCC.  A specific target was to investigate if invasiveness might involve Gankyrin, 

which is an oncogene proven to regulate the invasiveness of other types of cancers. 

Specific aims were as follows: 

Chapter 3 aimed to determine whether the heterogeneity of GCNIS cells was 

associated with progression of GCNIS towards TGCC. In order to achieve this GCNIS 

cells were characterized based on the differential protein expression profile of 

gonocyte markers (OCT4, LIN28 and PLAP), and spermatogonial markers (MAGE-

A4) in GCNIS from patients with pre-invasive and invasive TGCC. The purpose was 

to establish if there was an association between the different subpopulations of 

GCNIS cells and their progression (including proliferation) towards TGCC.  

Chapter 4 aimed to determine whether the expression of DMRT1, the regulator of the 

mitosis-meiosis switch, or altered histone methylation (H3K27me3 and H3K4me3) 

differed between GCNIS from patients with pre-invasive and invasive TGCC and/or 

was related to GCNIS proliferation rate.  

Chapter 5 aimed to determine whether the maturation status of Sertoli cells in GCNIS-

containing tubules of patients with pre-invasive and invasive TGCC patients was 

associated with TGCC progression. 

 



Chapter 1 Literature Review 66 

 
 

Chapter 6 aimed to determine whether Gankyrin expression was associated with 

normal germ cell progression, GCNIS origin and progression toward tumour 

formation. A directly related aim is to investigate Gankyrin function in TGCC by the 

use of siRNA technology in a TGCC cells line (NT2). 
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2. General materials and Methods

2.1. Tissue collection 

2.1.1. Human fetal testis tissue 

Human fetal testis tissue was obtained following elective termination of pregnancy 

during the first and second trimester of gestation. Women gave informed consent and 

tissue was collected with ethical approval under the licence numbers LREC08/1101/1 

and 08/H0906/21+5. Gestational age was determined by ultrasound and for second 

trimester samples this was confirmed by measuring foot length.  

2.1.2. Dissection and sex determination of human fetal gonads 

Gonads were dissected from the foetuses with sterile dissection tools. The foetus was 

cut open along the midline and the gonads were located and dissected out. Once the 

gonads were isolated they were placed in xenograft media (Liebowitz L-15 with 

glutamine, 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% nonessential 

amino acids (all Sigma, Poole, UK)). 

A piece of skin was used for sex determination and another piece was fixed in bouins 

fluid (picric acid, formalin, acetic acid 20:5:1, Clin-Tech Guilford, UK) for 2 hours or 

in 10% neutral buffered formalin (NBF, Merck Millipore, Hertfordshire, UK) 

overnight. 

For sex determination, the sample was placed into 100µL digestion buffer (25mM 

NaOH/0.2mM EDTA, Sigma) for 20 minutes at 37°C, followed by the addition of 

100µL neutralization buffer (40mM TrisHCL, Sigma). The sample was then 

vigorously vortexed and 5 µL of this was used for a qPCR reaction. Sex was 

determined by expression of sex determining region gene Y (SRY) gene by qPCR. 
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2.1.3. Normal testicular tissue 

Normal testicular tissue was obtained in collaboration with the pathology 

department of the Western General Hospital in Edinburgh, Scotland, and kindly 

donated by Dr Anne Jørgensen. Patients details are described in Table 2.1. 

Table 2.1. Summary of normal adult testis tissue (y-years) 

Sample No. 
Age 
(y) Material Pathology report outcome 

SF8051V 38 biopsy no GCNIS present, tubules with active spermatogenesis 
SF8191H 37 biopsy no GCNIS present, tubules with active spermatogenesis 
SF8302H 39 biopsy no GCNIS present, tubules with active spermatogenesis 
SF8322H 37 biopsy no GCNIS present, tubules with active spermatogenesis 
SF8637H 50 biopsy no GCNIS present, tubules with active spermatogenesis 
SF7634V 40 biopsy no GCNIS present, tubules with active spermatogenesis 
SF7639H 36 biopsy no GCNIS present, tubules with active spermatogenesis 
SF7698V 31 biopsy no GCNIS present, tubules with active spermatogenesis 
SF7703V 33 biopsy no GCNIS present, tubules with active spermatogenesis 
SF8020H 43 biopsy no GCNIS present, tubules with active spermatogenesis 
SR473 - 1 47 biopsy Chronic pain, previous epididymectomy 
SR473 - 2 41 biopsy Chronic pain, previous testis denervation. 
SR473 - 3 44 biopsy Painful testis, previous trauma. 
SR473 - 4 41 biopsy Chronic pain, post vasectomy. 
SR473 - 5 32 biopsy Chronic pain, previous epididymectomy. 

SR473 – 6 34 biopsy Recurrent right inguinal hernia. Previous repair as a 
child. 

SR473 – 7 34 biopsy Biopsy shows normal spermatogenesis. No evidence of 
GCNIS 

SR473 – 8 33 biopsy Chronic testis pain, previous epididyectomy 

SR473 – 9 52 biopsy 
Left testicular 1cm lesion lower pole. Neoplasm seen in 

frozen section. No evidence of residual neoplasm in 
whole testicular specimen. 

SR473 - 10 25 biopsy 
Right testis tumour. Left microlithiasis. Specimen from 

right 
GCNIS – germ cell neoplasia in situ 
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2.1.4. Pre-invasive testicular germ cell cancer tissue 

These tissues were a kind gift from Prof Leendert Looijenga and Dr Anne Jørgensen. 

These tissues were obtained from patients with disorders of sexual development or 

infertility, from whom testicular biopsies were taken for analysis. Patients details are 

described in Table 2.2. 

Table 2.2. Summary of childhood and adulthood patients with pre-invasive TGCT tissue 

(m-months, y-year(s)) 

Sample No. Age Material Pathology report outcome 
L09-87 4 m intra-abdominal testis normal 

L09-87B 4 m intra-abdominal testis normal 
L12-171 7 m intra-abdominal testis normal 
L09-231 10 m intra-abdominal testis maturation delay 
L10-391 1 y intra-abdominal testis maturation delay 
L12-74 1 y intra-abdominal testis maturation delay 

L08-3484 1 y testicular biopsy infantile testis 
L08-3843 1 y testicular biopsy infantile testis 
L08-246 2 y intra-abdominal testis maturation delay 
L07-21 5 y intra-abdominal testis Pre GCNIS 

L06-276 7 y intra-abdominal testis Pre GCNIS 
L11-17 12 y left testis pre GCNIS and GCNIS 

SF5472HIIC 17 y testicular biopsy GCNIS/NT 
SF8423HIID 23 y testicular biopsy GCNIS/NT 

H1* 23 y testicular biopsy Sample SF8423HII, GCNIS/NT 
SF6193HIIB 26 y testicular biopsy GCNIS/NT 
SF6193HIIC 26 y Testicular biopsy GCNIS/NT 
L03-109R 28 y testicular biopsy GCNIS 

SF8587VIIB2 28 y testicular biopsy GCNIS/NT 

L01-157 31 y testicular biopsy atrophy and GCNIS 

SF8276HIID 31 y testicular biopsy GCNIS/NT 
H2* 31 y testicular biopsy Sample SF8276HII, GCNIS/NT 

SF6204VIIC 33 y testicular biopsy GCNIS/NT 
L06-661Li 34 y testicular biopsy GCNIS 

SF5954VIICa 34 y testicular biopsy GCNIS/NT 
L06-250Li 36 y testicular biopsy GCNIS 
L07-1268A 36 y testicular biopsy GCNIS 

GCNIS – germ cell neoplasia in situ, NT – no tumour. 
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2.1.5. Invasive testicular germ cell cancer tissue 

Tissue was collected by me from patients undergoing orchidectomy for suspected 

testicular cancer. Tissue was collected with ethical approval (project licence number 

LREC10/S1402/33).  This tissue was collected from three different areas, (TT) tumour, 

tissue (AT) adjacent to the tumour where germ cell neoplasia in situ (GCNIS) was 

expected to be found and tissue (NT) away from the tumour, which appeared 

macroscopically normal.  Three pieces from each area were collected, from these 

samples, one was fixed in 4% NBF (Merck) for 24 hours and another piece was fixed 

in modified bouins fluid (Clin-Tech Guilford) for 2 hours. The last piece was collected 

in xenograft media (Liebowitz L-15 with glutamine, 10% fetal bovine serum, 1% 

penicillin/streptomycin, and 1% nonessential amino acids, all Sigma, Poole, UK) and 

kept on ice to be used for in vitro experiments or snap frozen in dry ice for further 

RNA or protein extraction. Patient details are described in Table 2.3.  

These samples were obtained from the Western General Hospital, St. John’s hospital, 

Spire Shawfair Park hospital, and Murrayfield hospital. Patients consented to tissue 

donation for research. Archived samples were also used in these studies; these 

samples were fixed in NBF. 

Table 2.3. Summary of TGCC tissue collected during this project 

Sample no. Pathology report outcome 
1601131 SEM 
1704131 EC 
2404131 MGCT 
2904131 SEM 
1305131 SEM 
1406131 SEM 
1706131 SEM 
1507131 SEM 
1807131 SEM 
2207131 SEM 
0808131 SEM 
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1908131 Pending report 
2808131 MGCT 
0310131 EC 
0710131 Features of efferent duct obstruction (dilation of cords) 
0710132 SEM 
0710133 SEM 
0710134 SEM 
1311131 Pending report 
1311132 Pending report 
2711131 MGCT 
2711132 EC 
0212131 MGCT 
0212132 MGCT 
2301141 Pending report 
3001141 SEM 
0602141 EC 
0504141 MGCT, EC predominantly 
0704141 EC 
1704141 EC 
2404141 Pending report 
2504141 Pending report 
2405141 Pending report 
2605141 SEM 
3105141 MGCT 
0206141 SEM 
0307141 TER 
0307142 EC with mature TER 
1007141 Pending report 
1407141 No tumour, Changes in keeping with Klinefelter's syndrome 
1707141 SEM 
2107141 Metastatic adenocarcinoma 
2407141 Scaring, SCO tubules 
0408141 EC 
0408142 MGCT 
2108141 Atrophic right testis due to cryptorchidism 
2108142 SEM 
1310141 SEM 
1310142 SEM 
1310143 Undescended testis with severe atrophy 
3010141 SEM 
2201151 Pending report 
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0202151 Pending report 
1202151 MGCT 
1202152 MGCT 
2502151 MGCT 
0403151 Pending report 
2203151 Spermatogenesis (Varicocele). No malignancy 
1304151 Maturation arrest, previous undescended testis 
2604151 bening cystic lesion 
2604152 Pending report 
1405151 Total infarction 
2005151 SEM 
2405151 Pending report 
2805151 EC 
2505151 Pending report 
0406151 MGCT 
0806151 SEM 
2206151 EC 
2906151 MGCT 
0308151 Pending report 
1708151 SEM 
2408151 Patchy Atrophy, SCO. No residual tumour. 
3108151 SEM 
3108152 SEM 
0510151 Maturation arrest 
1910151 Pending report 
2610151 SEM 
2910151 SEM 
1412151 MIXED GCT (95%EC, 5%YST) 

(SEM-Seminoma, EC- Embryonal carcinoma, MGCT-Mixed germ cell 
tumour, TER-Teratoma, SCO, Sertoli cell only tubules). 

 

2.1.6. Testicular germ cell cancer cell lines. 

TCAM2 cells, a seminoma cell line, was a kind gift from Prof Leendert Looijenga and 

Prof Richard Anderson. NT2 also called NT2/D1 cell line was kindly donated by Dr. 

Anne Jørgensen.  
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2.2. Tissue processing  

2.2.1. Wax embedding  

After the fixation of the tissue as described in section 2.1.2, it was transferred into 70% 

alcohol until ready to be processed by the QMRI-SURF histology department. The 

tissue was processed by immersing it in graded alcohols, this is done in a paraffin 

processor, in this case a LEICA TP 1050 which works as shown in Table 2.4. 

Table 2.4. LEICA TP1050 processor working steps for tissue 

paraffin embedding 

Pressure/vacuum Station Time Temperature 

Ethanol 70% 
1 

1.5 
hr Ambient 

Ambient 
Ethanol 80% 

2 
1.5 
hr 

Ambient 
Ambient 

Ethanol 90% 
3 

1.5 
hr 

Ambient 
Ambient 

Ethanol 95% 
4 1.5 

hr 
Ambient 

Ambient 
Ethanol 95% 

5 1.5 
hr 

Ambient 
Ambient 

Abs. Ethanol 
6 2 hr Ambient 

Ambient 
Abs. Ethanol 

7 2 hr Ambient 
Ambient 
Xylene 

8 1 hr Ambient 
Ambient 
Xylene 

9 1 hr Ambient 
Ambient 
Xylene 

10 1 hr Ambient 
Ambient 

Paraffin wax 
Left 1 hr 60°C 

P/V 
Paraffin wax 

middle 1 hr 60°C 
P/V 

Paraffin wax 
right 1.5 

hr 
60°C 

P/V 
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After processing the tissue, it was embedded in molten paraffin wax and allowed to 

set into plastic embedding moulds. Once the tissue was processed and embedded in 

paraffin, these blocks were stored at room temperature. 

 

2.2.2. Tissue sectioning 

The blocks of paraffin containing tissue are then cut into 5m thickness sections. A 

RM 2135 Leica microtome (Leica) was used for this purpose. The blocks were first 

chilled for at least half an hour prior to cutting, followed by the preparation of a water 

bath into which the thin sections were floated prior to mounting on charged glass 

slides (Superfrost, Menzel, GmbH & Co.) After cutting, the sections were dried in an 

oven overnight at 45°C.  

 

2.3. Tissue staining  

2.3.1. Haematoxylin and eosin staining 

In this study paraffin embedded tissue was used. In order to remove the paraffin and 

rehydrate the tissue to give the staining and antibodies complete access to the 

epitopes; steps of dewaxing and rehydration are carried out first. Dry sections were 

immersed in xylene for 5 minutes twice, followed by the immersion of sections in 

decreasing concentration of ethanol as follows: 

1. 100% ethanol 

2. 100% ethanol 

3. 90% ethanol 

4. 80% ethanol 

5. 70% ethanol 

Finalising with washing the sections in running water.  
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After dewaxing and rehydration, sections were immersed in Harris Hematoxylin 

(Leica Biosystems, Milton Keynes, UK) for 5 minutes, followed by a wash in running 

water. Sections were then immersed in 1% acid alcohol for 2 secs and washed in 

running water followed by immersion in Scott’s tap water (2g potassium bicarbonate 

(BDH, VWR, AnalaR, Leicestershire, UK) + 20g magnesium sulphate (Sigma) + 

distiller water up to 1L), which develops the haematoxylin staining into a blue colour. 

Sections were then immersed for 5 secs in Eosin Y (1% aqueous solution mixed with 

1% alcohol solution at a ratio of 3:1, both Leica). 
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2.4. Immunohistochemistry 

The fundamental concept of the immunohistochemistry technique is the 

demonstration of antigens within tissue sections by means of specific antibodies 

(Ramos-Vara & Miller, 2014). The theory behind this technique is that the 

immunoglobulin has several binding sites where other antibodies and antigens can 

bind, and once antibody-antigen binds, this can be demonstrated by a colored 

histochemical reaction (Ramos-Vara, 2005). In this study 3’Diaminobezidine 

(ImmPACT DAB Peroxidase (HRP) Substrate, Vector Laboratories, Peterborough, 

UK) and tyramide signal amplification (TSA, Perkin Elmer, Waltham, USA) were 

used as detection methods. Negative controls for this technique were no primary 

antibody controls for those antibodies which were previously validated and well 

established. For Gankyrin and AMH antibodies peptide block control was used at a 

ratio of 5µl of blocking peptide per 1µl of primary antibody, this solution was made 

up and left rotating for 30 minutes prior to use.  

The general immunohistochemistry protocol is comprised of the following steps: 

1. Dewaxing and rehydration of paraffin embedded tissue sections as described

in section 2.2.1.

2. Antigen retrieval

3. Endogenous peroxidase block

4. Avidin and Biotin block

5. Normal Serum block

6. Incubation with primary antibody

7. Incubation with secondary antibody

8. Incubation with horseradish peroxidase (HRP)

9. Detection of secondary antibody with a peroxidase substrate

10. Counterstaining

11. Dehydration of sections

12. Mounting of sections
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2.4.1. Antigen retrieval 

Fixation of the tissue can have a negative impact on protein detection by 

immunohistochemistry due to masking of the epitope, which would cause the failure 

of the primary antibody to bind to the epitope of interest. Antigen retrieval is used to 

unmask the epitope of interest, and to restore the epitope-antibody binding. 

Antigen retrieval was carried out in a decloaking chamber (Biocare Medical, 

Berkshire, UK), which was programmed to raise the temperature to 125°C for 30 sec 

and decrease to 90°C for 10 sec. Sections were first transferred to a plastic staining 

dish with 0.01% citrate buffer (10mM Citric Acid, 0.05% Tween 20, pH 6.0) and this 

was then placed in the decloaking chamber. The programme was then started and 

after completion, sections were taken out from the chamber and rinsed it running tap 

water at room temperature (RT).  

2.4.1.1. Antigen retrieval for multiple immunofluorescence.  

For multiple immunofluorescence, antigen retrieval was carried out between the 

detection of an antibody with TSA (Perkin Elmer) and the serum block for the 

subsequent antibody. This was done by placing the sections in 0.01M citrate buffer 

and microwaving at full power for 2.5 min. The purpose of this step is the block of 

the endogenous peroxidase and that which is incorporated in reagents used in 

previous steps (Toth et al., 2007; Gao et al., 2008), therefore the detection of the 

subsequent antibody can be performed with a peroxidase based system minimizing 

the crossed reactions. After the 2.5 min in the microwave, the sections were left to 

stand for 30 min. 

2.4.2. Endogenous peroxidase block 

Using Horse radish peroxidase conjugated antibodies might result in high, non-

specific background staining and therefore endogenous peroxidase must be blocked. 

To achieve this, sections were immersed in 3% hydrogen peroxide with methanol for 

30 min at RT. 
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2.4.3. Avidin and Biotin block 

In order to perform immunohistochemistry, secondary antibodies are used, which are 

often labelled with biotin. An essential step for the success of this technique is the 

block of endogenous avidin and biotin to avoid background staining. Avidin and 

biotin block (Vector labs, Burlingame, CA, USA) was used according to 

manufacturer’s instructions. Briefly, a drop of avidin was added on top of the tissue, 

and this was incubated for 15 min followed by 2 washes in Tris Buffer saline (TBS; 

24g Tris base, 77g NaCl, pH to 7.6 with HCL, distilled water up to 1L) for 5 min each. 

Then sections were incubated with a drop of biotin block for 15 min followed by 2 

washes in TBS for 5 min each.  

 

2.4.4. Serum block 

Background can be caused by several reasons, one of them is cross-reaction of the 

secondary antibody with protein found in the tissue. To avoid or reduce this type of 

background, normal serum block should be done. The serum to be used will depend 

on the secondary antibody host (i.e. if the secondary antibody is raised in chicken the 

serum to be used is chicken). In this protocol, serum (20%) is diluted in TBS (80%) 

with 5% BSA. 

 

2.4.5. Primary antibody incubation 

With the purpose of detecting the epitope of interest, sections are incubated with 

primary antibody diluted in normal serum overnight at 4°C. A summary of the 

primary antibodies used for the project can be found in Table 2.5. 
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Table 2.5. Summary of primary antibodies for immunohistochemistry and 

immunofluorescence 

Antibody species 
raised 

Tyramide 
detection 
dilution 

DAB 
detection 
dilution 

conjugated 
streptavidin 

Manufacturer 

AMH goat 1:400 1:200 N/A 
Santa Cruz, 

(Heidelberg, 
Germany) 

Androgen 
receptor rabbit 1:3000 1:300 N/A Santa Cruz 

Cytokeratin mouse 1:5000 N/A N/A sigma 

Desmin rabbit 1: 3500 1:350 N/A Abcam ltd. 
(Cambridge, UK) 

DMRT1 rabbit 1:2000 N/A N/A sigma 

EZH2 rabbit 1:4000 1:800 N/A 
Cell signalling 

(Hitchin, Herts, UK) 

Fibronectin mouse 1:600 1:100 N/A 
Novocastra  

(Milton Keynes, 
UK) 

Gankyrin rabbit 1:10000 1:1200 N/A 
Novus  

(Abingdon, UK) 

H3K27ME3 rabbit 1:1000 1:400 N/A 
Active Motif (La 
Hulpe, Belgium) 

H3K4ME3 rabbit 1:1000 1:400 N/A Active Motif 

KI67 mouse 1:100 N/A N/A 
DAKO 

(Cambrigeshire, 
UK) 

LIN28 rabbit 1:10000 1:1000 N/A Abcam ltd. 
MAGE-A4 mouse 1:300 1:100 N/A gift 

OCT4 goat 1:150 N/A N/A Santa Cruz 
P21 mouse 1:400 N/A N/A Santa Cruz 
P57 mouse 1:1000 N/A N/A Santa Cruz 

PLAP mouse 1:300 N/A N/A Dako 
SOX9 rabbit 1:5000 N/A 1:600 Merck Millipore 

Vimentin mouse N/A 1:100 N/A Dako 
N/A – not available 

 

2.4.6. Secondary antibody incubation  

The next day the primary antibody is detected with a secondary antibody. These 

antibodies are labelled with biotin, which is then detected with streptavidin. The 

secondary antibody was diluted in normal serum at a concentration of 1 in 200 and 

the tissue was incubated for 30 minutes at room temperature with secondary 
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antibody. A summary of the secondary antibodies used for this study can be found 

in Table 2.6.  

Table 2.6. Summary of secondary antibodies for immunohistochemistry and 

immunofluorescence 

Antibody Dilution Species raised in Conjugation Manufacturer 

Anti - mouse 1:200 chicken peroxidase Santa Cruz 
Anti - rabbit 1:200 chicken peroxidase Santa Cruz 
Anti - goat 1:200 chicken peroxidase Santa Cruz 

Anti - mouse 1:200 chicken biotin Santa Cruz 
Anti - rabbit 1:200 chicken biotin Santa Cruz 
Anti - goat 1:200 chicken biotin Santa Cruz 

Anti - mouse 1:200 rabbit biotin Santa Cruz 
Anti - rabbit 1:200 rabbit biotin Santa Cruz 
Anti - goat 1:200 rabbit biotin Santa Cruz 

 

2.4.7. Streptavidin horseradish peroxidase (HRP) and 3’Diaminobezidine 

(DAB) development 

After secondary antibody incubation, the biotin in the secondary antibody is 

complexed with streptavidin HRP. For this purpose, sections were incubated with 

streptavidin HRP for 30 min at 1 in 1000 in TBS. Following this step sections were 

washed and incubated with DAB for as long as required to observe a signal under the 

microscope, this typically was 5 min and all the slides in the same run were incubated 

with DAB for the same time. DAB reacts with horseradish peroxidase (HRP) 

generating a brown staining.  DAB was bought as a kit (Vector labs) and this solution 

was prepared by adding a drop of DAB to 1 ml of diluent, (Fig. 2.1). After this step 

sections were washed in TBS and water, followed by dehydration with increasing 

concentrations of alcohol and 100% xylene for 5 min, and coverslipped with Pertex 

(HistoLab, Gothenburg, Sweden).  
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Figure 2.1. Representative image of an immunohistochemistry using 3’ Diaminoibezidine method. The 
antigen (green) is detected with a primary antibody (red) which in turn is then detected with a 
secondary antibody (blue) labelled with biotin (orange). Samples are then incubated with streptavidin 
horseradish peroxidase (purple). Sections are then incubated with an HRP substrate (DAB, brown) to 
generate a brown colour.  
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2.5. Immunofluorescence 

2.5.1. Single immunofluorescence on paraffin embedded tissue 

Negative controls for this technique were no primary antibody controls for those 

antibodies which were previously validated and well established. Paraffin embedded 

tissue was sectioned and dewaxed as described on section 2.3, followed by antigen 

retrieval as described in section 2.4.1.  Endogenous peroxidase was blocked with 3% 

H2O2 in MeOH for 30 min as described in section 2.4.2, followed by two washes in 

TBS for 5 min. Serum block was then carried out as described in section 2.4.4 followed 

by the incubation overnight at 4°C with the primary antibody diluted in normal 

serum. Peptide block control was used for Gankyrin antibody at a ratio of 5µl of 

blocking peptide per 1µl of primary antibody, this solution was made up and left 

rotating for 30 minutes prior to overnight incubation.  

The next day sections were washed twice with TBS for 5 min each and incubated with 

secondary peroxidase labelled antibody for 30 min at 1:200 diluted in normal serum, 

followed by two 5 min washes with TBS and incubation with TSA (Perkin Elmer), at 

1:50 for 10 min. Counterstain was performed with DAPI (4', 6-diamidino-2-

phenylindole, Sigma) by adding 1 µl/mL of TBS and incubating the sections with this 

solution for 10 min in the dark.  Finally, sections were washed twice with TBS for 5 

min and coverslipped with PermaFluor mountant (Life Technologies, Paisley, UK), 

(Fig. 2.2). 
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Figure 2.2. Immunofluorescent antigen detection using a tyramide detection system (Perkin Elmer).  The 
antigen (green) is detected with a primary antibody (red), which in turn is detected with horseradish 
peroxidase (HRP, pink) labelled secondary antibody (blue). The HRP the activates the inactive tyramide, 
which once activated will bind to the tyrosine residues (blue triangles) proximal to the area where the 
HRP is located. The fluorescence is then detected by excitation of tyramide by specific wavelengths of 
light emission.     
 

2.5.2. Double immunofluorescence on paraffin embedded tissue 

For double immunofluorescence, the protocol described in section 2.5.1 was followed 

up to the incubation with TSA (Perkin Elmer), at 1:50 for 10 min. Afterwards, a second 

antigen retrieval was performed as described in section 2.4.1.1. Sections were then 

blocked with NChS for 30 min followed by the incubation overnight with second 

primary antibody.  

The second primary antibody was detected as described for the single 

immunofluorescence described in section 2.5.1 for the primary antibody detection. 

 



Chapter 2 General Materials and Methods 84 

 
 

2.5.3. Triple Immunofluorescence on paraffin embedded tissue 

Triple immunofluorescence was performed by following the protocol in section 2.5.2 

up to the detection of the second primary antibody with TSA (Perkin Elmer), at 1:50 

for 10 min, thereafter the protocol was started again with a third antigen retrieval, as 

described in section 2.4.1.1. Sections were then blocked with NChS for 30 min 

followed by the incubation overnight with the third primary antibody. The next day, 

the third primary antibody was detected as described in section 2.5.1 for the primary 

antibody detection. 

 

2.6. Image capture and stereology 

Immunohistochemistry and haematoxylin and eosin stains were imaged with a 

PROVIS microscope (Olympus Optical, London, UK) and a Canon DS126131 camera, 

images were then obtained using the Axiovision SE64 Rel. 4.9.1 (Zeiss) software. 

Fluorescent images were captured on LSM710 Zeiss confocal microscope (Carl Zeiss 

Hertfordshire, UK) and images were obtained with the ZEN software (Carl Zeiss). 

For immunofluorescence stereology, OCT4 expression was used to detect GCNIS in 

sections from TGCC patients. 10 random areas or the maximum available areas with 

GCNIS depending on the tissue size were imaged with a LSM710 Zeiss confocal 

microscope (Carl Zeiss). These images were then collected and opened with the Image 

J software (Image J, U. S. National Institutes of Health, Bethesda, Maryland, USA). 

Cells were counted one by one with the cell counter plug-in in the Image J software. 

This numbers were collected in Excel (Microsoft, 2016) files and the data was analysed 

with Graphpad prism 6.04 (GraphPad software INC., La Jolla, USA).  Cell numbers 

were expressed in percentages. 
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2.7. Statistical analysis 

Statistical analysis was performed using GraphPad prism software version 6.04 (La 

Jolla, USA). Unpaired and paired student’s t-test, and one-way ANOVA were the 

statistical analyses used in this study. Tukey’s and Dunnett’s post hoc tests were 

carried out where appropriate. The statistical analysis used is indicated in the 

corresponding graph in the results section.  For Chapter 6, Statistical analysis for in 

vitro experiments was performed by paired t-test on log transformed data (y=log(y)), 

where in the graphs the mean of three separate experiments, each with an n of 3 is 

represented by one dot, which colour matches its paired sample. For results 

represented in percentages of cells such as stereological experiments on GCNIS cells 

phenotypes, percentages of migrating cells and cell cycle analysis, the statistical 

analysis was performed on arcsine transformed data (y=arcsin(y)).  

2.8. Cell culture and cell staining 

2.8.1. Thawing frozen cells and culture 

A vial of cells was retrieved from a -80°C freezer and transferred in dry ice. Relevant 

media for the correspondent cell line was prewarmed in a water bath at 37°C for 30 

min. The vial was placed in the water bath for 1 minute. Then under a laminar flow 

hood 1ml of prewarmed media was added to the cell suspension. Cells were spun 

down at 1361xg for 5 min followed by discarding of the media and resuspension in 

1mL of fresh prewarmed media, this mL of cell suspension was then placed along 

with 4mL of prewarmed media into a T25 flask. 

2.8.2. Cell culture conditions 

After seeding the cells, these were left to grow in an incubator at 37°C with 5% CO2. 

TCAM2 and NT2 cells are both adherent cells lines. The medium used for 

maintenance of NT2 cells was 450mL D-MEM + 5mL glutamine + 5mL of 

penicillin/streptomycin + 50mL FCS (all reagents from GIBCO), referred to as 

complete medium. TCAM2 cells maintenance medium was Roswell Park Memorial 

Institute (RPMI) media + 10% FCS (all reagents from GIBCO). 
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2.8.3. Detaching cells for splitting or seeding 

After retrieving a confluent T75 flask from the incubator, media was discarded using 

a pump that collected used media in a glass flask with VIRKON (Dupont, Delaware, 

US) or presept (Johnson and Johnson, New Jersey, US) tablets. Cells were washed 

with 5ml DPBS (GIBCO), which was then aspirated followed by incubation for 5 min 

at 37°C with 3ml TrypLE Express (Life technologies), the latter step with the purpose 

of detaching cells from the flask.  After assessing the percentage of detached cells, 

these were either split, by collecting 1mL of the cell suspension and transferring it to 

a new T75 flask containing 14mL of prewarmed media, or collected by adding 7mL 

of prewarmed media to the cell suspension and collecting this in a 15mL Falcon tube 

for further counts and seeding purposes.  

 

For seeding cells, the 15mL Falcon tube was centrifuged at 800xg for 5 min followed 

by the discarding of the media and resuspension in 1 mL of prewarmed media, cells 

were then counted in a haemocytometer and the volume of cells required was then 

placed in the relevant number of wells or flasks for future experiments.  

 

2.8.4. Single immunofluorescence on cells. 

A total of 10,000 cells were seeded and cultured per 8 chamber culture slides 

(Thermofisher scientific) overnight. The next day cells were fixed and permeabilized 

with ice cold methanol for 20 min at -20°C, followed by two washes with TBS for 5 

min and the incubation with NChS for 30 min. Slides were then incubated with the 

primary antibody diluted in serum overnight at 4°C. The next day slides were washed 

twice with TBS for 5 min followed by incubation with a peroxidase labelled secondary 

antibody for 30 min at RT. Slides were then washed with TBS for 5 min twice and 

incubated with TSA (Perkin Elmer) at 1:50 for 10 min, followed by two washes with 

TBS for 5 min each and counterstaining with DAPI by adding 1 µl/mL TBS and 

incubating the sections with this solution for 10 min in the dark before cover-slipping 

with PermaFluor. Images were captured as described in section 2.6. 
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2.9. Cell counts with trypan blue and nucleocounter 

2.9.1. Cell counts with trypan blue 

Before final resuspension with the appropriate downstream application buffer, 20L 

of the cell suspension was taken for cells counts. This cell suspension was then mixed 

with 10L of 30% Trypan blue containing PBS, and pipetted into a disposable 

haemocytometer (Fast Read 102TM, immune systems). Under the microscope, cells 

stained with Trypan blue were considered as dead, and unstained cells as live.  

The method used to count cells in the haemocytometer and the squares counted in 

each disposable chamber can be seen in Fig. 2.3. After counting the cells, this equation 

was used to determine the amount of cells per mL 

=
 ∗ 2

4
 

The results from this equation gives the result expressed in number of cells *104 per 

mL. 

 
Figure 2.3. Cell counting method used in the haemocytometer. (A) cells touching top and left sides were 
included in the counts (green), whereas the cells touching the bottom and right side were excluded in 
the counts (red). B) From the haemocytometer, 4 big squares were counted shown in green.  
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2.9.2. Cell counts with Nucleocounter NC-100 Automated cell count system 

(Chemometec)  

Before final resuspension with the appropriate downstream application buffer, 100L 

was taken for cell counts in the NucleoCounter NC-100 Automated cell count system 

(Chemometec, Allerod, Denmark). 

Cells were incubated for 10 minutes with 100L Lysis buffer provided with the 

nucleocounter (solution A, Chemometec) and 100L stabilizing buffer provided with 

the nucleocounter (solution B, Chemometec). Nucleocassettes (Chemometec) were 

then used to transfer 60L of the solution into the nucleocassette, which system is 

based on immobilized propidium iodide staining in the nuclei of the cells in the 

suspension, which is then excited by green LEDs inside the nucleocounter and 

detected with a camera. The calculation is then made on the nucleoviewTM 

(Chemometec) software. 

 

2.10. Gankyrin siRNA transfection in NT2 cells. 

Gankyrin siRNA was bought from life technologies (Paisley, UK, Cat no. HSS108733) 

with the sequence 5’-UUU CGA AGC UGC AUA AUG UAA GGG A-3’. The day 

before transfection at 5 pm, cells were seeded in 12 well plates at 10X104 per well. The 

next day at 10 am, cells were transfected with 20nM of Gankyrin siRNA using 

HiPerFect (Qiagen, Redwood city, C.A, U.S.A) transfection reagent diluted in DMEM 

+ glutamine.  

Controls for this experiment were an only media control and a vehicle (Hiperfect) 

control. Transfections were performed with serum free DMEM and RPMI for NT2 

cells and TCAM2 cells respectively. 
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First solutions were made as described in the following table: 

Table 2.7. Solutions used for 3 transfections with 10nM Gankyrin siRNA. 

Solution siRNA Vehicle Media 

Media control - - 3000μl 

Vehicle control - 36μl 2964μl 

siRNA 3μl 36μl 2961μl 

After randomization of the plate, cells were incubated at 37°C and 5% CO2 for 10 

hours with the correspondent solution (Table 2.7). After 10 hours the media was 

discarded and replaced by prewarmed complete media. Cells were then harvested 24 

or 48 hours after the transfection was commenced. RNA or protein was extracted from 

these cells for further analysis (described in the following sections).  The design of the 

experiment can be seen in Fig. 2.4. Cells were quantified with trypan blue or with the 

nucleocounter as described in section 2.9. 

Figure 2.4. Experimental design for a 24 hour Gankyrin siRNA transfection experiment 
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2.11. qPCR (quantitative polymerase chain reaction) 

2.11.1. RNA extraction protocol. 

In order to performed qPCR, RNA extraction needs to be performed first. After 

harvesting cells as described in section 2.8.3, cells were resuspended in 350µl RLT 

buffer with 10% β-mercaptoethanol and 5µl carrier RNA. This suspension was then 

homogenized in a Qiashredder column (Qiagen, Manchester, UK) by centrifuging for 

2 min at maximum speed. The flow through was then collected and homogenized 

with 70% EtOH by pipetting up and down. Sample was then transferred to a RNeasy 

mini spin column (Qiagen) and centrifuged at maximum speed for 1 min. Flow 

through was discarded and the column was washed with 350µl wash buffer I for 1 

min at maximum speed. The column was then incubated with 20µl DNase buffer for 

15 min followed by a wash with 350µl wash buffer and centrifuging at maximum 

speed for 15 secs, flow through was discarded. Then the column was washed with 

500µl RPE buffer by centrifuging for 15 secs at maximum speed and this step was 

then repeated once but centrifugation was for 2 min. The column was then 

centrifuged at maximum speed for 1 min to dry the membrane. RNA was then eluted 

using 17µl RNAse free water (Ambion, ThermoFisher Scientific, Hemel Hempstead, 

UK) and centrifuging at maximum speed for 1 min. 

 

2.11.2. RNA quantification and analysis protocol. 

After extracting the RNA, it needs to be quantified and this was performed with a 

Nanodrop-1000 (Thermo Scientific, Massachusetts, US). Briefly 1.3μl was transferred 

into a measurement pedestal. A sampling arm was then lowered until it was in 

contact with the sample and a liquid column could be seen. From this column the 

spectral measurement is made in the PC using the NanoDrop software (Thermo 

Scientific).  
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2.11.3. cDNA synthesis protocol. 

After RNA extraction, complementary DNA was synthesized with MAXIMA first 

strand cDNA synthesis kit (life technologies). Briefly RNA was diluted to give 

between 100 and 200 nanograms of RNA in a total volume of 16ul of solution, diluted 

in RNase free water. Samples were then split into 8µl each to have a positive and a 

negative control (No RT) per sample. A master mix was then done, using Table 2.8 as 

a guide, and then altered as required for sample number: 

Table 2.8. Master mix for cDNA synthesis components volumes 

RT (+) for 1 sample RT (-) for 1 sample 
4µl 5x RT Mix 4µl 5x RT Mix 

6µl water 8µl water 
2µl RT enzyme mix - 

 

After doing the master mix, 12µl of it was added to the samples, so as to achieve a 

final volume of 20µl, and then cDNA was synthesized in a thermocycler with the 

following program: 

a. 25ºC 10 min 

b. 50ºC 15 min 

c. 85ºC 5 min 

d. 4ºC hold 

Samples were then stored at -20ºC until ready to be analysed. 
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2.11.4. SYBR green Quantitative PCR protocol 

For these experiments, SYBR green Mix (Agilent technologies, Santa Clara, California, 

USA), a fluorescent reporter that intercalates between DNA was used.  First, samples, 

reference dye and primers were diluted with RNAse free water (AMBION) as in Table 

2.9: 

Table 2.9. Dilutions of components to use in the master mix 

component dilution 
Samples 1:20 
primers 1:4 

reference dye 1:50 
 

After diluting samples, primers and reference dye, these were used in the following 

Master mix (Table 2.9) according to manufacturer instructions and 8 µl of this mix 

was then added per qPCR plate well, followed by an additional 2 µl of cDNA (diluted 

as per Table 2.10). 

Table 2.10. Components volumes used for SYBR green master mix 

For 10µl reaction: 
2x Brilliant III SYBR Mix 5µl 

25uM Forward primer (Diluted as per Table 2.7) 0.2µl 
25uM Reverse primer (Diluted as per Table 2.7) 0.2µl 

Reference Dye (Diluted as per Table 2.7) 0.15µl 
Nuclease-free water 2.45µl 

Total 8µl 
 

For efficiency of primers assessment, a standard curve was performed for each set of 

primers. Neat cDNA with a concentration of 100ng/µl was diluted at 1:10, 1:20, 1:40, 

1:80, 1:160, 1:320, 1:640 with RNase free water (Ambion). Primers amplification 

efficiency was assessed by the slope, which had to be between -3.0 and -3.6 and the 

R2 value, which had to be between 95 to 99% in order for the primers to be used 

(Alemayehu et al., 2013). An assessment of the dissociation curve would also be done 

to see if the amplification was of one product only (Fig. 2.5). 
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A 

B 

Figure 2.5. Representative image of mRNA (A) dissociation curve and (B) standard curve plot in qPCR.  
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The instrument used for the qPCR was an ABI 7900, and the setup for the cycles was: 

a. 95°C for 3:00 min 

b. 95°C for 0:05 sec 

c. 60°C for 0:15 sec 

d. 95°C for 0:15 sec 

e. 60°C for 0:15 sec 

f. 95°C for 15 sec 

g. For a total of 40 cycles. 

Data was then calculated as the relative amount or mRNA using RSP20 as a 

housekeeping gene. Primer sequences are described in Table 2.11:  

Table 2.11. Summary of primers sequences used for qPCR 

Gene 5’ sequence 3’ sequence 
BAI1 CTAAGATGGCGAAGGTGGAG CTGTGGGATGAGACGGATGT 
BAX GAGGATGATTGCCGCCGTGGACA GGTGGGGGAGGAGGCTTGAGG 

CDK4 ACGGGTGTAAGTGCCATCTG TGGTGTCGGTGCCTATGGGA 
FAS TGCACCCGGACCCAGAATAC GAAGACAAAGCCACCCCAAGTTAG 

Gankyrin ATGAGGCTACAGCAATGCAC TACTTGCTCCTTGGGACACC 
KI67 GAGGTGTGCAGAAAATCCAAA CTGTCCCTATGACTTCTGGTTGT 

MAGE-A4 ATGTCTTCTGAGCAGAAGAGT TCAGACTCCCTCTTCCTCCTC 
P21 CTGGCTCTTGATACCCCCCT TCAACACTGAGACGGGCTCC 

PAI1 (Serpine-1) TGCTGGTGAATGCCCTCTACT CGGTCATTCCCAGGTTCTCTA 
PCNA ACACGATTGGCCCTAAAGTCTTCCC GACCACTCTGCTACGCCTGCAACCG 

POU5F1 (OCT4) CTTCTGCTTCAGGAGCTTGG GAAGGAGAAGCTGGAGCAAA 
RB1 ATCGAAAGCATCATAGTTAC TAACGAAAAGACTTCTTGCA 

RPS20 AACAAGCCGCAACGTAAAATC ACGATCCCACGTCTTAGAACC 
SRY ACAGTAAAGGCAACGTCCAG ATCTGCGGGAAGCAAACTGC 

TPX2 ACATCTGAACTACGAAAGCATCC GGCTTAACAATGGTACATCCCTTA 
TP53 TCCACTACAACTACATGTGTAAC GTGAAATATTCTCCATCCAGTG 
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2.12. Western blot. 

Western blot is a widely used technique, the main purpose of which is to detect 

specific proteins in samples. The principle of Western blot is that in a given 

heterogeneous sample, proteins can be separated by molecular weight using 

electrophoresis which is the movement of particles caused by electricity and the 

protein charge and the resistance to their movement caused by their weight. These 

proteins can then be transferred to a membrane again by electrophoresis and a 

transfer buffer. These proteins can then be detected with antibodies (Towbin, et al., 

1979). The following steps comprise this method: 

1. Protein extraction 

2. Bradford assay for protein quantification 

3. Protein electrophoresis 

4. Protein transfer 

5. Membrane blocking and protein detection 

 

2.12.1. Protein extraction. 

After harvesting cells as described in section 2.8.3, the pellet was resuspended in 50µL 

radioimmunoprecipitation assay (RIPA) buffer; a tablet of protease inhibitors was 

also added per 50mL of RIPA (Roche, Basel, Switzerland; Table 2.12). 

 

 

 

 

 

 

 

 

Cells were then incubated in RIPA buffer on ice for an hour, shaking the tubes every 

20 min and finally the lysate was centrifuged at 4°C for 20 min at maximum speed. 

The lysate was then transferred to a new tube and stored at -20 until ready for 

analysis. 

Table 2.12. RIPA buffer formula 

Reagent Final concentration volume 
Tris-HCL pH 7.4 50mM 25ml of 1M 

Sodium deoxycholate 0.50% 2.5g 
NP40 1% 5ml 
SDS 0.10% 0.5g 

NaCL 150mM 15ml of 5M 
EDTA 2mM 1.05g 
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2.12.2. Bradford assay. 

The Bradford assay was used to quantify the amount of protein in every sample. 

Briefly the samples were diluted in RIPA buffer at 1:5, 1:10 or 1:20. The negative 

control was the RIPA buffer alone. The kit used for this assay was the Bio-Rad (Bio-

Rad Laboratories, Hercules, California, U.C) protein assay. The standard curve 

provided with the kit was with Bovine serum albumin (BSA) and was diluted in water 

at 1.42 concentration then 0.71, then 0.355, then 0.1775 and finally 0.08875. 20 μL 

reagent S was added per mL of reagent A,  

To start this assay 5 µL of sample was loaded in triplicate in a 96 well plate (Corning, 

CLS3370, sigma), then 25 µL reagent A+S was added per well and incubated for 15 

min. The plate was then analysed in a microplate reader (Multiskan EX, Labsystems, 

Midland, ON, Canada).  

 

2.12.3. Protein electrophoresis 

Once the concentration of the samples was established by Bradford assay, 20ng of 

protein was loaded into a 1,5mL tube along with Laemmli buffer (Table 2.13), first 

described in 1970 by Laemmli at a ratio of 1µL Laemmli per 5 µL of protein. 

Table 2.13.  Laemmli recipe 

Reagent volume 
1.5 M Tris-Cl pH 6.8 4 ml 

glycerol 10 ml 

β-mercaptoethanol 5 ml 

SDS (sodium dodecyl sulfate / sodium lauryl sulfate) 2 gm 

1% bromophenol blue 1 ml 

 

For Gankyrin antibody optimization, human serum was used as a negative control 

given that Gankyrin is ubiquitously expressed This demonstrated that no band was 

observed in the serum sample whereas for TCAM2 and NT2 cell lysates there was a 

consistent band at 26KDa.  All the antibodies were tested in a lane with no protein to 

assess the specificity of the antibody. For P21, testicular tissue from a TGCC patient 

was used as a positive control given that no band was observed in NT2 cells.  
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After combining the protein with the loading buffer, the protein was denatured at 

95°C for 5 minutes and loaded into a well of a 10 well NOVEX SDS/PAGE (life 

technologies) gel for electrophoresis. As a marker for protein size, the Kaleidoscope 

full range ladder (Bio-RAD) or the rainbow full range ladder (GE, Healthcare life 

sciences, Buckinghamshire) was used. The gel was run at 150 mA with running buffer 

(Life technologies).  

2.12.4. Protein transfer 

In order to transfer the protein from the gel into a membrane, the gel was placed in a 

tank for protein transfer (Bio-RAD), with transfer buffer (14.4g glycine (Sigma), 3g 

TRIS-EDTA (Sigma), 200 methanol (Fisher chemical), distilled water up to 1L). The 

sandwich assembly method (Fig 2.6) was used for the transferring the protein to an 

Amersham Hybond ECL Nitrocellulose Membrane (GE healthcare Lifesciences, 

Buckinghamshire, UK). From cathode to anode in the tank, the order was, porous 

pad, 3 sheets of Whatman® chromatography paper (GE healthcare Lifesciences), gel, 

membrane (GE healthcare Lifesciences), 3 sheets of Whatman® chromatography 

paper (GE healthcare Lifesciences) and porous pad.  The electrophoresis was set at 

400V 250mA and 50W on a Bio-Rad (Bio-Rad Laboratories) power supply pack 

(model 1000/500) for 90 min. 

Figure 2.6. Sandwich assembly method for western blot transfer. 
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2.12.5. Membrane blocking and protein detection 

After transferring of the protein, the membrane was washed in phosphate buffer 

solution (PBS, Sigma) for 5 min twice, then it was blocked with PBS (Sigma) + 1% 

tween®20 (Sigma, PBST) + 5% skimmed milk powder (OXOID, Hampshire, UK) for 

30 min at room temperature (RT). The membrane was then incubated overnight with 

the relevant primary antibody (Table 2.14) diluted in 5% skimmed milk in PBST at 

4C. Peptide block was used to validate Gankyrin antibody. This was performed by 

incubating the membrane with peptide blocked primary antibody overnight 

The next day the membrane was washed with PBS (Sigma) twice for 5 min and 

incubated for 30 min at RT with a secondary antibody conjugated with IRDye 680 or 

800 (Table 2.15) (LI-COR Biosciences, Nebraska, USA). The membrane was then 

washed with PBST and scanned in the LI-COR Odyssey scanner (LI-COR 

Biosciences).  In order to do this, the membrane was placed upside down over 

distilled water in the scanner, and the images were captured by Image Studio TM (Li-

COR Biosciences) software. 

If more than one antibody needed to be detected, such as loading controls, the 

membrane needed to be stripped in order to remove the previous primary and 

secondary antibodies. For this purpose, following this scan, the membrane was then 

stripped with stripping buffer (Life Technologies) for 20 minutes, followed by two 

washes with PBS, and blocking for 30 min with 5% skimmed milk in PBST. The 

membrane was then incubated with the second primary antibody diluted in 5% 

skimmed milk in TBST overnight at 4C. Tubulin or Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) detection were used as loading controls. 

The next day the membrane was washed with PBS, and incubated for 1 hour with the 

relevant secondary antibody (LI-COR) followed by two washes with PBST and 

scanned in the LI-COR Odyssey scanner. 
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Table 2.14. Summary of primary antibodies used for western blot. 

Antibody Dilution in milk 
Species 

raised in Manufacturer 
Expected 

weight (KDa) 
OCT4 1:300 Goat Santa Cruz 52 

Gankyrin 1:1000 Rabbit Novus 26 
Gankyrin 1:300 Rabbit Santa Cruz 26 
TUBULIN 1:5000 Rabbit Abcam 50 
GAPDH 1:5000 Rabbit Abcam 37 

P53 1:1000 Mouse Santa Cruz 53 
P21 1:100 mouse Santa Cruz 21 

Phospho P21 (P-P21) 1:200 rabbit Santa Cruz 21 
 

 

 

 

 

 

 

 

 

 

 

Table 2.15. Summary of secondary antibodies used for western blot 

Antibody Dilution in milk Species raised in Infrared dye Manufacturer 
Anti - mouse 1:1000 donkey 680 LI-COR 
Anti - rabbit 1:1000 donkey 680 LI-COR 

Anti - rat 1:1000 goat 680 LI-COR 
Anti - goat 1:1000 donkey 680 LI-COR 

Anti - rabbit 1:1000 donkey 800 LI-COR 
Anti - mouse 1:1000 donkey 800 LI-COR 
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2.13. Cell cycle analysis 

Cell cycle analysis was performed to determine the percentage of cells in the different 

stages of the cell cycle. For this purpose, a 5 laser LSR Fortessa (BD bioscience, Oxford, 

UK) flow cytometer was used.  The flow cytometer works by measuring the cells 

width, height and amplitude by exposing the cells to light and then detecting the 

amount of light reflected by the cells in detectors, which are two, side and forward 

(Fig. 2.7).  

 
Figure 2.7. Representative image for the light reflection on the detector located in the flow cytometer. 
Modified from https://medicine.umich.edu/medschool/research/office-research/biomedical-research-
core-facilities/flow-cytometry/training/lesson-one-flow-cytometry-signals. 
 

The flow cytometer determines the cell size by DNA content by measuring the cells 

size and plotting them where they correspond in terms of light detection. Depending 

on their cell cycle stage, the cells are plotted as shown in Fig. 2.8.  

 
 
Figure 2.8.  Representative image for cell cycle analysis. (A) Plot and (B) data obtained from the cell cycle 
analysis showing first the total number of events analysed, then the % parent in this case PI negative 
and finally from the PI negative the percentage which were singlets and G0/G1, G2/M and S phase.   
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2.13.1. Hoechst staining 

Hoechst was chosen as the DNA dye because of its vast use for cell cycle analysis and 

due to previous work in other lab groups in this same centre that could provide with 

experience using this dye.  First the dye was optimized as follows: 

Media was discarded from the chambers and cells washed with DPBS (GIBCO) 

followed by aspiration of DPBS. Cells were then stained with Hoechst (Cell 

signalling) at a concentration of 10, 15 or 30g/L for 30 min. The staining solution 

was discarded and cells were washed twice with DPBS and fixed with ice cold 

methanol. The slides on which the cells were, was then separated from the chamber 

walls and washed with TBS. The slide was then incubated with 1L Propidium iodide 

(PI) in 1mL of TBS for 10 min, followed by TBS washes and mounting with Permafluor 

(Life technologies). Representative images of this optimization can be shown in Fig. 

2.9. 
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Figure 2.9.  Hoechst optimization in NT2 cells. The optimization of Hoechst staining was performed with 
different concentrations (10, 15 and 30 g/L) and propidium iodide was used for counterstaining. 
Scalebars – 50m. 
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After optimization of Hoechst dye, the protocol used for cell cycle analysis was as 

follows; Cells were harvested by washing the wells with 1mL DPBS (GIBCO), 

followed by discard of the DPBS and incubation of the cells with 250l TrypLE™ 

Express (Life technologies) for 5 min at 37°C. 750l complete medium (DMEM+ 2% 

FCS+1X penicillin/streptomycin+1Xglutamine) was added to the wells and the 

suspension collected. Cells were then spun down for 5 min at 1361xg. A solution of 

15g/l Hoechst (Cell signalling) solution in 2%FCS DPBS was prepared by adding 

1.5l Hoechst stock solution (20mg/mL) to 2000l 2%FCS DPBS. Cells were then 

resuspended in 200l 1.5g/l Hoechst solution in 2%FCS DPBS and incubated for 30 

min at 37°C in the dark. Cells were then spun down for 5 min at 1361xg and 

resuspended in DPBS. The latter step was repeated once and finally cells were 

resuspended in 300l 2% FCS DPBS and kept on ice until ready for analysis. A 

negative control was added to this experiment where no Hoechst was added to the 

cell suspension. 

 

2.14. Cisplatin kill curve. 

Two 12 well plates were seeded at 10X104 at 5pm. The next day at 10am, cells were 

treated with 0.25, 0.5, 1, 2, 4, 8, 16 or 100M cisplatin for 24 hours on randomized 

plates.  The next day, media was discarded, cells were washed with 1ml DPBS 

(GIBCO), the DPBS was then discarded followed by dissociation of the cells with 

250l TrypLE™ Express (Life technologies) for 5 min at 37°C. 750l prewarmed 

complete medium (DMEM+5% FCS+1X penicillin/streptomycin+1Xglutamine) was 

added to the wells and the suspension was collected. Cells were then spun down for 

5 min at 1361xg. Media was then discarded and cells resuspended in 1 ml media, and 

from this suspension 100L was taken for cells counts in the NucleoCounter NC-100 

Automated cell count system (Chemometec, Allerod, Denmark) as described in 

section 2.9.2. 
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2.15. Gankyrin siRNA combined with cisplatin experiments. 

Gankyrin siRNA transfections were performed as described in section 2.10. After 24 

hours from the initiation of the transfection, cells were then treated with 4M cisplatin 

for 24 hours. Cells were then harvested and quantified as described in sections 2.8.3 

and 2.9.2 respectively.  The design of the experiments can be seen in Fig. 2.10. 

Figure 2.10. Design of the 48 hrs transfection with 20nM Gankyrin siRNA and treatment with 4µM cisplatin 
after transfection. 

2.16. UC2288 (p21 inhibitor) experiments with and without complete 

media 

Cells were seeded at 5 pm on day 0 at a concentration of 10x104 in 12 well plates. The 

next day cells were treated with 5M UC288 dissolved in prewarmed complete 

medium (D-MEM+1X, glutamine + 1X, penicillin/streptomycin + 10% FCS, all 

reagents from GIBCO) or just D-MEM. DMSO was used as a vehicle control for 

UC2288. After 24 hrs cells were harvested and collected in the downstream 

application buffer.  

Preliminary experiments demonstrate that UC2288 in combination with serum 

starvation is lethal for NT2 cells, therefore UC2288 studies in combination with 

Gankyrin siRNA transfections could not be performed (Fig 2.11). 



Chapter 2 General Materials and Methods 105 

Figure 2.11. Percentage of attached cells after 10 hours of 5µM UC2288 in combination with complete 
media (CM=DMEM + 5%FCS + 1Xglutamine + 1Xpen/strep) or just DMEM + glutamine, harvesting at 24 
hours. Data analysed by paired one- ANOVA on arcsine transformed data (y=arscin(y)). 

2.17. Cisplatin and UC2288 combined experiments 

 Cells were seeded at 5 pm on day 0 at a concentration of 10X104 in 12 well plates. The 

next day cells were treated with 5M UC288 dissolved in complete medium 

(DMEM+5% FCS+1X penicillin/streptomycin+1Xglutamine) and 4M of cisplatin for 

24 hours.  Cells were then harvested and counted as described in section 2.9.2. DMSO 

was used as a vehicle control for UC2288. 

2.18. Cell migration assay 

In order to study the migration properties of NT2 cells upon Gankyrin siRNA 

transfection with or without cisplatin treatment, a migration assay was performed. 

The OrisTM cell migration assay was chosen (Platypus Technologies, Oxon, UK). This 

assay is based on blocking an area inside the well with a stopper where cells cannot 

trespass, and then at a later stage, the stoppers are removed and the area can be read 

with a fluorescent plate reader, and imaged for future cell counts. A schematic 

representation of the system can be observed in Fig. 2.12.  
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Figure 2.12. Representative images for ORISTM cell migration assay A) Schematic representation of the 
cell migration assay used in this study, obtained from bmglabtech.com (B) Representative image of the 
actual experiment after the removal of the stopper where the whole well can be observed, and with 
the mask used to block the light on other areas but the migration area at (C) 0 and (D) 24 hours after 
stopper removal. Scalebars – 200µm. 

In order to be able to track the cells during the migration assay, the exposure time to 

Green CMDFA Cell TrackerTM dye (Life Technologies) was optimized in NT2 cells. 

Cells were exposed to 10µM/mL Green CMDFA Cell TrackerTM dye for 15min and 30 

min in the dark at 37°C and then washed twice with DPBS before seeding 10X104 per 

well. Cells were then imaged at 19, 39 and 63 hrs post-exposure with an Axiocam 

MRm (Zeiss) using an Axiovert 200 (Zeiss) microscope. This experiment confirmed 

the presence of the Green CMDFA Cell TrackerTM dye in NT2 cells after 63 hrs post-

exposure (Fig. 2.12).  
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Figure 2.13. Green CMDFA Cell Tracker optimization. NT2 cells were cultured in 96 well plates and 
stained with the Green CMDFA cell tracker dye for 15 and 30 min. Afterwards cells were observed at 
19, 39 and 63 hrs.  

Following the optimization of the cell tracker, the assay was performed as follows: 

Cells were transfected in 6 well plates as described in section 2.10. After 10 hours of 

transfection, cells were harvested as described in section 2.8.4, spun down for 5 min 

at 1361xg and resuspended in 2mL fresh prewarmed medium. At 8pm, which 

corresponds to 10 hours after transfection, cells were quantified as described in 

section 2.9.1. A 96 well plate was used for this assay and 30,000 cells were required 

per well. There were 3 different treatments included in this study and the replicates 

required were 20 for vehicle and Gankyrin siRNA transfected cells, and 15 replicates 

of untreated NT2 cells.  The total volume required for each treatment was spun down 

at 1361xg for 5 min in three individual 1.5mL tubes.  

Cells were then resuspended in 200uL Green CMDFA Cell TrackerTM dye (Life 

Technologies) at a final concentration of 10µM/mL, and incubated at 37°C in the dark 

for 20 minutes followed by centrifugation of the cells at 1361xg for 5 min.  
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Vehicle and Gankyrin siRNA transfected cells were then resuspended in 2mL 

prewarmed medium whereas the untreated NT2 cells were resuspended in 1.5mL 

prewarmed medium. 100µL of cell suspension was then seeded into each well of a 96 

well plate Oris cell migration assay.  

The next day, at 10 am, which corresponds to 24 hours after transfection, the stoppers 

were removed from the wells and the plate was read on a NOVOstar plate reader 

(BMG Labtech, Aylesbury, UK) at 0, 5 and 24 hours. Furthermore, each well was 

imaged with an Axiocam MRm (Zeiss) using an Axiovert 200 (Zeiss) microscope. 

Images were captured using the Zen software and cells were counted using image J. 

On the last day of the experiment, cells were harvested as described in section 2.8.4 

and the total number of cells acquired with the nucleocounter as described in section 

2.12.2. 
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3. Heterogeneity of germ cell neoplasia in situ (GCNIS) cells 

3.1. Introduction 

TGCC arises during fetal life from a premalignant lesion called germ cell neoplasia in 

situ (GCNIS). These cells remain dormant in the testis until unknown events occur 

during puberty that trigger the formation of tumours, which can either be classified 

as seminoma (Almstrup et al., 2004) or non-seminoma (Skakkebaek et al., 1987).  

GCNIS have been characterized in numerous studies (Jacobsen & Nørgaard-

Pedersen, 1984; Manivel et al., 1987; Jørgensen et al., 1995; Rajpert-De Meyts et al., 

1996; Hoei-Hansen et al., 2004; Jones et al., 2004; Hoei-Hansen et al., 2005; Rajpert-De 

Meyts, 2006) with the aim of determining the mechanism of TGCC pathogenesis. 

Understanding the pathogenesis of TGCC might help in developing better therapies 

and diagnosis for the different tumours before they develop.  

 

3.1.1. Heterogeneity of GCNIS 

The literature describes that certain proteins such as OCT4, PLAP and LIN28 

recognise GCNIS cells in the testes of TGCC patients (Almstrup et al., 2004). However, 

whilst a degree of heterogeneity has been described in GCNIS cells protein expression 

(Roelofs et al., 1999; Aubry et al., 2001; Looijenga et al., 2003; Almstrup et al., 2010; 

Jørgensen et al., 2013; Rajpert-De Meyts et al, 2015), it has not been correlated with 

progression of GCNIS to TGCC. 

 

3.2. Hypothesis 

GCNIS cells display a heterogeneous expression of proteins which determines their 

oncogenic potential.   
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3.3. Chapter Aims 

This chapter aimed to characterize the heterogeneity of GCNIS cells expressed 

proteins (OCT4, PLAP and LIN28) and a spermatogonial expressed protein (MAGE-

A4) in order to determine the heterogeneous populations of GCNIS cells and their 

association with TGCC progression by analysing GCNIS cells from patients with pre-

invasive and invasive disease.  

Within the heterogeneous population of GCNIS cells the aim was to determine the 

proliferation rate as one indicator of oncogenic potential. 
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3.4. Materials and Methods 

3.4.1. Human fetal testicular tissue 

Human fetal testicular tissue (n=16) from first and second trimester was obtained as 

described in section 2.1.1. Dissection, sex determination and age assessment was 

performed as described in section 2.1.2.  

3.4.2. Normal human adult testis 

Normal human testis tissue (n=3) was obtained as described on section 2.1.3. Age and 

pathology reports for this tissue can be seen in Table. 2.1 

3.4.3. Human testicular pre-invasive and invasive testicular germ cell 

cancer tissue 

Pre-invasive testicular cancer tissue (n=10) was obtained as described in section 2.1.4. 

Age and pathology reports can be seen in Table 2.2. Invasive TGCC tissue (n=16) was 

obtained as described in section 2.1.5. The pathology report for these samples can be 

seen in Table 2.3. 

3.4.4. Haematoxylin and eosin staining 

Haematoxylin and eosin staining was performed in human fetal testis, normal pre-

pubertal and pubertal testis, GCNIS form childhood and adult patients with pre-

invasive disease and GCNIS from patients with invasive disease as described in 

section 2.3.1. 

3.4.5. Immunofluorescence 

Single, double and triple immunofluorescence for OCT4, PLAP, LIN28, MAGE-A4 

and Ki67 were performed as described in section 2.5. Primary and secondary 

antibodies are described in Table 2.5 and 2.6 respectively.  

3.4.6. Image capture and Stereology  

Images were captured and stereology for immunofluorescence was performed as 

described in section 2.6. 
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3.4.7. Statistical analysis 

Statistical analysis was performed as described in section 2.7. Unpaired t-test and one-

way ANOVA were performed on arcsine transformed percentages to analyse the 

distribution of the different phenotypes and proliferation rate of GCNIS cells.   
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3.5. Results 

3.5.1. Morphology of the human testis during normal development 

During fetal development and up to adulthood, two areas could be distinguished in 

the testis throughout development. The first was the interstitial compartment 

(represented by I in Fig. 3.1) where blood vessels and Leydig cells could be observed. 

The second compartment was the intratubular compartment (represented by * in Fig. 

3.1) comprised of seminiferous tubules, which are surrounded by peritubular myoid 

cells and contain Sertoli cells and germ cells. At earlier weeks of gestation (8 weeks) 

the tubules were not formed yet, however germ cells could be observed. As the testis 

developed tubules could be perceived as they became bigger; furthermore, 

differentiating germ cells became evident in the intratubular compartment (Fig. 3.1). 

During normal childhood testis development, in the intratubular compartment, germ 

cells and Sertoli cell could be observed however in comparison with the fetal testis 

the germ cell were observed to be towards the basement membrane of the tubules 

rather than in the centre of the tubule. At puberty a lumen and layers of developing 

germ cells were evident in the intratubular compartment. 

 

3.5.1.1. Morphology of pre-pubertal and pubertal pre-invasive 

TGCC testis 

In Fig. 3.1, a side by side comparison of normal infant, childhood and pubertal testis 

in the left panel and the pre-invasive TGCC in infant, childhood and pre-pubertal 

testis in the right panel can be observed. In pre-invasive TGCC patients, in the 

intratubular compartment the presence of tubules containing cells with a prominent 

cytoplasm could be observed. These cells are the presumptive germ cell neoplasia in 

situ (GCNIS) cells (black arrows, Fig. 3.1).  Furthermore, not many “normal” germ 

cells were observed in these patients. 
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Figure 3.1. Haematoxylin and eosin staining of the normal testis and GCNIS from TGCC patients. yellow I 
– Interstitial compartment, black * – intratubular compartment, black arrows – GCNIS cells, scale bars 
– 50 µm. 
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3.5.1.2. Morphology of the normal adult testis 

The morphology of the normal human adult testis was also studied with 

haematoxylin and eosin staining and revealed the presence of an interstitial and 

intratubular compartment. In the intratubular compartment, a bigger lumen than in 

the pubertal testis and layers of developing germ cells were present, where 

spermatogonia (black arrows, Fig. 3.2), primary (red arrowhead, Fig. 3.2) and 

secondary spermatocytes (black dashed line, Fig. 3.2), and round (yellow dashed line, 

Fig. 3.2) and elongating spermatids (red dashed line, Fig. 3.2) could be distinguished. 

Sertoli cells (red arrows, Fig. 3.2) were also observed towards the basement 

membrane. 

 

3.5.1.3. Morphology of adult pre-invasive and invasive TGCC 

testis 

In adult patients with pre-invasive TGCC, haematoxylin and eosin staining of this 

tissue revealed the presence of tubules containing morphologically identified GCNIS 

cells (black arrows, Fig.  3.2) in the basal compartment of the tubule. A thickening of 

the lining of the tubules can be observed as well as a displacement of the Sertoli cells 

(red arrows, Fig. 3.2) towards the centre of the tubules. 

Patients diagnosed with the presence of tumours were classified as patients with 

invasive TGCC. The GCNIS tubules from patients with invasive TGCC are 

characterized by the absence of spermatogenesis accompanied by the presence of a 

single layer of GCNIS cells adjacent to the basement membrane and Sertoli cells 

located towards the luminal compartment rather than towards the basal 

compartment where they are normally located (Fig. 3.2). 
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Figure 3.2. Hematoxylin and eosin staining in normal adult testis and GCNIS containing tubules from 
patients with pre-invasive and invasive disease. Red arrows – Sertoli cells, black arrows – GCNIS cells, 
yellow dashed lines – round spermatids, black dashed lines – spermatocytes, red dashed lines – 
elongated spermatids, black * - intratubular compartment, yellow I – Interstitial compartment, scale 
bars – 100 µm with exception on insets where scalebars – 50 µm. 
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3.5.1.4. Morphology of the testis from TGCC patients diagnosed 

with seminoma and non-seminoma tumours.  

Hematoxylin and eosin staining of testes sections from patients with invasive TGCC 

revealed that not only GCNIS-containing tubules can be observed but also tubules 

with active spermatogenesis in which germ cells were undergoing normal 

development.  

GCNIS-containing tubules (black arrows, Fig. 3.3, C-F) were observed, with GCNIS 

cells in the periphery of the tubules and Sertoli cells (red arrows, Fig. 3.2, C-F) 

displaced towards the luminal compartment of the tubule. In these same sections 

tubules with active spermatogenesis could be observed, with spermatogonia, 

spermatocytes, spermatids and Sertoli cells in their correct position (Fig 3.3, A and B). 

The presence of these two different types of tubules can be observed in the same 

section along with its correspondent seminoma or non-seminoma tumour.  
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Figure 3.3. Haematoxylin and eosin staining of GCNIS, tubules with active spermatogenesis and tumours 
of patients with seminoma and non-seminoma.  GCNIS (black arrows) and Sertoli cells (red arrows) can 
also be observed. (G) Seminoma tumour and(H) non-seminoma tumour.  A, C, E, correspond to the 
same patients. B, D, F, H, correspond to the same patient.  Scale bars in A-D, G and H – 100 µm, E and 
F – 50 µm.  
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3.5.2. Gonocyte and GCNIS expressed proteins during testicular 

development and TGCC 

After studying the morphology of the different array of tissues that were going to be 

used in this project, the main focus for the present study was a comparison of the 

protein expression of normal fetal and adult germ cells with GCNIS from patients 

with pre-invasive and invasive TGCC. OCT4 is a well-established marker to 

determine the presence of GCNIS, and its widely used in TGCC studies; therefore, 

this marker was chosen to identify GCNIS.  

 

3.5.2.1. OCT4 expression throughout normal testis development 

In the human fetal testis, OCT4 was expressed as expected in the intratubular 

compartment in fetal germ cells, specifically in the gonocytes, which refers to the 

precursor cell of the spermatogonia (Culty, 2013, Fig. 3.3) and more importantly for 

the purposes of the present study, the precursor cell of GCNIS, which gives rise in 

adulthood to germ cell tumours (Skakkebaek et al., 1987; Sonne et al., 2009). In normal 

testis, OCT4 is no longer detected after infancy (Fig 3.4). 

 

3.5.2.2. OCT4 expression in testes of pre-invasive and invasive 

TGCC patients 

OCT4 is widely used in scientific reports to detect the presence of GCNIS (Jones et al., 

2004; Looijenga et al., 2003). In patients with pre-invasive and invasive TGCC, OCT4 

was detected in the intratubular compartment (yellow arrows, Fig 3.3). These cells 

from now on are identified as GCNIS cells (Fig. 3.4).  
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Figure 3.4. OCT4 
expression in normal and 
GCNIS from TGCC 
patients. Yellow arrows – 
GCNIS cells, inset – no 
primary antibody, dashed 
lines represent the 
periphery of the tubules, 
DAPI was used as a 
counterstain, Scale bars – 
50 µm.  
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3.5.2.3. OCT4 expression in GCNIS from seminoma and non-

seminoma patients 

As mentioned above, in invasive TGCC patients GCNIS-containing tubules, tubules 

with active spermatogenesis and a tumour component could be observed in the same 

section. OCT4 was expressed in GCNIS cells, but was absent in tubules with active 

spermatogenesis. OCT4 was also expressed in seminoma cells, and in the seminoma 

cells of the seminoma component of a non-seminoma tumour (Fig. 3.5). 
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Figure 3.5. OCT4 expression in GCNIS, tubules with active spermatogenesis and the tumour component 
of patients with invasive TGCC. Dashed lines represent the periphery of the seminiferous tubules, DAPI 
– counterstain, scale bars – 50 µm. 
 

 

 

 

D 
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3.5.2.4. LIN28 expression throughout testis development 

After characterizing OCT4 expression in human fetal, pre-pubertal and pubertal testis 

with comparative purposes with GCNIS from patients with pre-invasive and invasive 

TGCC. LIN28 was also studied, given that it has been reported to be expressed in 

GCNIS (Almstrup et al., 2004). 

The expression of LIN28 was first characterized during human fetal testis 

development, given that the gonocyte, the presumptive cell of origin of GCNIS has 

also been reported to express LIN28 (Aeckerle et al., 2012). LIN28 was detected in 

gonocytes at different gestational ages, in this case with no evidence of any change in 

LIN28 expression as the testis developed (Fig 3.6).  

In the normal childhood and pubertal testis, LIN28 expression was still detectable in 

infancy (white arrows, Fig 3.6), but was absent during childhood and puberty (Fig. 

3.6). In normal adult testis, LIN28 was not detected (Fig. 3.6).  

 

3.5.2.5. LIN28 expression in pre-invasive and invasive TGCC 

In contrast with normal adult testis, GCNIS cells (white arrows, Fig 3.6) from adult 

patients with invasive TGCC did express LIN28 (Fig. 3.6). 
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Figure 3.6. LIN28 expression (white arrows) in normal testis and GCNIS from patients with invasive TGCC. 
Dashed lines represent the periphery of the tubules, DAPI was used as a counterstain, scale bars – 50 
µm. 
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3.5.2.6. LIN28 expression in GCNIS from patients with invasive 

TGCC 

LIN28 was expressed in the nuclei and cell membrane of GCNIS cells (white arrows, 

Fig. 3.7) of invasive TGCC patients, whilst LIN28 was not detected in tubules with 

active spermatogenesis of patients with invasive TGCC (Fig. 3.7). 

 
Figure 3.7. LIN28 expression in GCNIS (white arrows) and tubules with active spermatogenesis from 
patients with seminoma and non-seminoma. LIN28 expression in GCNIS from patients with (A) seminoma 
and (B) non-seminoma. LIN28 expression in tubules with active spermatogenesis from patients with (C) 
seminoma and (D) non-seminoma. Dashed lines represent the periphery of the seminiferous tubules, 
DAPI – counterstain, scale bars – 50 µm. 
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3.5.2.7. Placental alkaline phosphatase (PLAP) expression in 

human fetal and adult testis 

Another protein that has been reported to be expressed in GCNIS is placental alkaline 

phosphatase (PLAP; Manivel et al., 1987). In the clinic, this marker is the most widely 

used to determine the presence of GCNIS in patients. PLAP is present in 83% of 

GCNIS, in 95% of seminoma tumours and in 64% of non-seminoma tumours 

(Giwercman et al., 1991; Jacobsen & Nørgaard-Pedersen, 1984).  

In the human fetal testis, PLAP was expressed in fetal germ cells (white arrows, Fig. 

3.8) at all ages of human fetal testis development (Fig. 3.8). In comparison PLAP was 

not detected in the normal adult testis (Fig. 3.8). 

 

3.5.2.8. PLAP expression in GCNIS from patients with pre-

invasive or invasive TGCC patients 

PLAP as mentioned above has been shown to be expressed in GCNIS, therefore an 

assessment of its expression in GCNIS from patients with pre-invasive and invasive 

TGCC was performed. PLAP was expressed in GCNIS cells from patients with both 

pre-invasive (infancy, childhood, puberty and adulthood) or invasive TGCC (Fig. 

3.8).  
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Figure 3.8. PLAP expression in human fetal and adult testis and GCNIS from patients with pre-invasive and 
invasive TGCC.  Dashed lines represent the periphery of the seminiferous tubules, DAPI – counterstain, 
scale bars – 50 µm. 
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3.5.2.9. PLAP expression in GCNIS from patients with invasive 

TGCC 

PLAP expression was assessed in GCNIS and tubules with active spermatogenesis 

from patients with invasive TGCC. PLAP was expressed in GCNIS (white arrows, 

Fig. 39) from patients with seminoma and non-seminoma. Tubules with active 

spermatogenesis did not express PLAP (Fig. 3.9). 

 
Figure 3.9. PLAP expression in GCNIS and tubules with active spermatogenesis from patients with 
seminoma and non-seminoma. Scale bars – 50 µm. 
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3.5.3. Heterogeneity of OCT4, LIN28, PLAP and MAGE-A4 expression 

throughout testis development and in GCNIS from patients with 

pre-invasive or invasive TGCC   

3.5.3.1. LIN28 and OCT4 expression throughout testis 

development 

In human fetal testis, OCT4+/LIN28+ (white arrows, Fig. 3.10) and OCT4-/LIN28+ 

(yellow arrows, Fig. 3.10) gonocytes could be observed during the first and second 

trimester of gestation (Fig. 3.10). 

During infancy OCT4-/LIN28+ (yellow arrows, Fig 3.10) germ cells could be observed 

at earlier stages of the neonatal period, such as 8 months of age.  At 2 years, OCT4 

and LIN28 were not further detected (Fig 3.10).  

3.5.3.2. LIN28 and OCT4 expression in GCNIS cells from patients 

with invasive TGCC 

LIN28 and OCT4 were co-expressed in the majority of GCNIS cells. However as in 

the normal human fetal testis two phenotypes could be observed; OCT4+/LIN28+ 

(white arrows, Fig 3.10) and OCT4-/LIN28+ (yellow arrows, Fig 3.10) GCNIS cells. 
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Figure 3.10. LIN28 and OCT4 expression in normal testis and in GCNIS cells from patients with invasive 
TGCC. White arrows – OCT4+/LIN28+, yellow arrows –  OCT4-/LIN28+, dashed lines represent the 
periphery of the tubules, DAPI was used as a counterstain, scale bars – 50 µm.  
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3.5.3.3. LIN28 and OCT4 expression and quantification in GCNIS 

from TGCC patients 

As demonstrated above, two different phenotypes of GCNIS cells could be observed 

in patients with invasive TGCC based on OCT4 and LIN28 expression.   

These two phenotypes were quantified, and this showed that 94% of GCNIS cells 

from seminoma patients and 97.2% of GCNIS cells from non-seminoma patients were 

OCT4+/LIN28+ whereas 0.72% and 0.3% of GCNIS cells from seminoma and non-

seminoma patients respectively were OCT4+/LIN28-. Finally, 3.1% and 1.8% of GCNIS 

cells from seminoma and non-seminoma tumours respectively were OCT4-/LIN28+ 

(Fig. 3.11). 

 

Figure 3.11. Distribution of OCT4+/LIN28+, OCT4+/LIN28- and OCT4-/LIN28+ GCNIS in seminoma and non-
seminoma patients. Analysed by one-way ANOVA followed by Tukey’s post hoc test in arcsine 
transformed data (y=arcsin(y)), seminoma – n=3, non-seminoma – n=3, means ±SEM.  
 

During fetal testis development there were several populations of germ cells based 

on OCT4 and LIN28 expression, whilst for GCNIS cells there was essentially one 

population that co-expressed OCT4 and LIN28. 
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3.5.3.4. Placental alkaline phosphatase (PLAP) and OCT4 

expression throughout testis development 

The same approach as LIN28 was performed for PLAP in order to determine whether 

there was an association between GCNIS cells phenotypes and progression of TGCC.  

In human fetal testis, immunofluorescence revealed the presence of different 

phenotypes of gonocytes, which were PLAP+/OCT4+ (white arrows, Fig, 3.12), PLAP-

/OCT4+ (red arrows, Fig, 3.12) and PLAP+/OCT4- (yellow arrows, Fig, 3.12). These two 

proteins were not detected in normal adult testis (Fig. 3.12).  

 

3.5.3.5. PLAP and OCT4 expression in GCNIS from patients with 

pre-invasive or invasive TGCC 

The same experiment was then performed in GCNIS from childhood and adult 

patients with pre-invasive TGCC and in GCNIS from seminoma and non-seminoma 

patients. The same phenotypes as in human fetal testis were observed, namely GCNIS 

cells which were PLAP+/OCT4+ (white arrows, Fig, 3.12), PLAP-/OCT4+ (red arrows, 

Fig, 3.12) or PLAP+/OCT4- (yellow arrows, Fig, 3.12). 

 



Chapter 3             Heterogeneity of germ cell neoplasia in situ (GCNIS) cells  133 

 
 

 
Figure 3.12. PLAP and OCT4 expression in normal fetal and adult testis and GCNIS from pre-invasive and 
invasive TGCC patients. White arrows – PLAP+/OCT4+, red arrows – PLAP-/OCT4+, yellow arrows –  
PLAP+/OCT4-, scale bars – 50 µm. 
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3.5.3.6. PLAP and OCT4 expression quantification 

From the previous immunofluorescence showing the different phenotypes of GCNIS 

cells based on PLAP and OCT4 expression, quantifications were performed on the 

different phenotypes during progressive stages of TGCC.  

The results showed that when comparing between pre-invasive and invasive stages 

of TGCC, there are more PLAP+/OCT4+ GCNIS cells in invasive disease (70.1%) 

compared to pre-invasive disease (38.5%; Fig. 3.13, A). In contrast PLAP-/OCT4+ 

GCNIS cells are more prominent in pre-invasive disease (57%) compared to invasive 

disease (13.3%; Fig. 3.13, B), and finally, PLAP+/OCT4- GCNIS cells were more 

numerous in invasive disease (16.3%) compared to pre-invasive disease (4.6%; Fig. 

3.13, C).  

When analysing PLAP+/OCT4+ cells distribution by stage of disease, 32.3%, 44.7%, 

76% and 64.3% GCNIS cells were PLAP+/OCT4+ in childhood patients with pre-

invasive TGCC, adult patients with pre-invasive disease, seminoma and non-

seminoma patients respectively. A significant increase in PLAP+/OCT4+ GCNIS cells 

was observed in patients with seminoma when compared to PLAP+/OCT4+ GCNIS 

cells from childhood patients with pre-invasive disease (P<0.05, Fig. 3.13, D).  

PLAP-/OCT4+ cells comprised 61%, 52.7%, 11% and 15.7% of GCNIS cells in childhood 

and adult patients with pre-invasive disease and in seminoma and non-seminoma 

patients respectively. PLAP-/OCT4+ GCNIS cells were significantly more common in 

childhood and adult patients with pre-invasive disease when compared to GCNIS 

cells from seminoma patients (Fig. 3.13, E). 

The other phenotype of GCNIS cells observed was PLAP+/OCT4-, these cells were 

consisted of 6.7% in childhood patients with pre-invasive TGCC, 2.7% in adult 

patients with pre-invasive TGCC, 12.7% in GCNIS cells from seminoma patients and 

20% of GCNIS cells from non-seminoma patients (Fig. 3.13, F).  
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Figure 3.13. Distribution of PLAP+/OCT4+, PLAP-/OCT4+ and PLAP+/OCT4- GCNIS cells. Distribution of (A) 
PLAP+/OCT4+, (B) PLAP-/OCT4+ and (C) PLAP+/OCT4- GCNIS cells during pre-invasive (pre CH + pre AH) 
and invasive disease (SEM + non SEM) and distribution of (D) PLAP+/OCT4+, (E) PLAP-/OCT4+ and (F) 
PLAP+/OCT4- GCNIS cells from pre CH, pre AH, SEM and non SEM patients. pre CH – Childhood patients 
with pre-invasive TGCC, pre AH – adult patients with pre-invasive TGCC, SEM – seminoma, non SEM – 
non-seminoma. All stages of TGCC with an n of 3, data analysed by unpaired t-test and one-way ANOVA 
followed by Tukey’s post hoc test on arcsine transformed data (y=arcsin(y)), *p<0.05, **p<0.01, 
***p<0.001, means ±SEM. 
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3.5.3.7. Proliferation rate of the PLAP+/OCT4+, PLAP-/OCT4+ and 

PLAP+/OCT4- GCNIS  

As shown above, PLAP expression increases in frequency with progression of TGCC, 

therefore the proliferation of PLAP+/OCT4+, PLAP-/OCT4+ and PLAP+/OCT4- GCNIS 

was studied.  

Ki67 was used as a marker for proliferation and, using multiple immunofluorescence, 

the proliferation of the different phenotypes of GCNIS cells based on the expression 

of OCT4 and PLAP was determined. This was performed in GCNIS cells from 

childhood patients with pre-invasive TGCC; adult patients with pre-invasive TGCC, 

seminoma and non-seminoma patients (Fig. 3.14). 

 
Figure 3.14. PLAP, OCT4 and Ki67 expression in GCNIS from patients with pre-invasive and invasive TGCC. 
(A) childhood patient with pre-invasive TGCC (1y), (B) adult patient with pre-invasive (36y) TGCC, (C) 
GCNIS from a seminoma patient and a (D) non-seminoma patient. Dashed lines represent the periphery 
of the seminiferous tubules, scale bars – 50 µm. 
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The proliferation of PLAP+/OCT4+, PLAP-/OCT4+ and PLAP+/OCT4- GCNIS cells was 

then quantified, and in the case of PLAP+/OCT4+ GCNIS cells there was a significant 

increase (p<0.05) in the proliferation rate of PLAP+/OCT4+ GCNIS cells from adult 

patients with in pre-invasive TGCC (23%) when compared to PLAP+/OCT4+ GCNIS 

cells from childhood patients with pre-invasive TGCC (6%) and seminoma (6%) 

patients (Fig. 3.15, A).  

On the other hand, PLAP–/OCT4+ GCNIS cells proliferated more (p<0.05) in adult 

patients with pre-invasive TGCC (33%) compared to PLAP–/OCT4+ GCNIS cells from 

childhood patients with pre-invasive TGCC (4%) and PLAP–/OCT4+ GCNIS cells from 

seminoma patients (7%).  There was no significant difference with PLAP–/OCT4+ 

GCNIS cells proliferation from non-seminoma (17%) patients compared to the 

proliferation rate of PLAP–/OCT4+ GCNIS cells from patients with pre-invasive stages 

of TGCC and PLAP–/OCT4+ GCNIS cells from non-seminoma patients (Fig 3.15, B). 

Finally, PLAP+/OCT4-  GCNIS cells were also quantified and the results showed that 

in GCNIS from childhood patients with pre-invasive disease, there was no 

proliferation (0%) of PLAP+/OCT4-  GCNIS, however PLAP+/OCT4-  GCNIS cells from 

adult patients with pre-invasive disease (54%) displayed an increase (p<0.05) in 

proliferation when compared to PLAP+/OCT4-  GCNIS cells from seminoma (8.3%) 

patients. PLAP+/OCT4-  GCNIS cells from non-seminoma (24.3%) patients showed no 

significant differences when compared to PLAP+/OCT4-  GCNIS cells from patients 

with pre-invasive disease and PLAP+/OCT4-  GCNIS cells from seminoma patients 

(Fig. 3.15, C).  
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Figure 3.15. Proliferation of (A) PLAP+/OCT4+ (B) PLAP-/OCT4+ and (C) PLAP+/OCT4- GCNIS cells. (A) 
Proliferation of PLAP+/OCT4+ GCNIS cells, (B)PLAP-/OCT4+ GCNIS cells and (C) PLAP+/OCT4- GCNIS cells.  
The number of cells counted per phenotype is described below its correspondent column. D) Total 
number of GCNIS cells counted per stage of TGCC and type of tumour, this includes non proliferating 
GCNIS cells. pre CH – Childhood patients with pre-invasive TGCC, pre AH – adult patients with pre-
invasive TGCC, SEM – seminoma, non SEM – non-seminoma. All stages of TGCC with an n of 3, analysed 
by one-way ANOVA followed by Tukey’s post hoc test on arcsine transformed data (y=arcsin(y)), means 
±SEM. 
 

 

 

 

 

 

 

Tissue 
type 

Total Number of GCNIS 
cells counted 

SEM 1587 

non 
SEM 

1083 

Pre AH 756 

Pre CH 421 
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3.5.3.8. PLAP and OCT4 expression in seminoma cells 

After observing and quantifying the expression of PLAP in GCNIS that suggest that 

PLAP expression is increased with progression of disease; PLAP was characterized 

in seminoma tumours in order to determine whether the OCT4+/PLAP+ GCNIS cells 

was part of the tumour cells.  

This experiment showed that PLAP was expressed in seminoma cells (determined by 

OCT4; Fig. 3.16) 

 
Figure 3.16. PLAP and OCT4 expression in seminoma cells. n=4, Scale bars – 50 µm. 

 



Chapter 3             Heterogeneity of germ cell neoplasia in situ (GCNIS) cells  140 

 
 

3.5.3.9. Heterogeneity of expression of PLAP, OCT4 and MAGE-

A4 in human fetal testis and GCNIS from seminoma and non-

seminoma patients. 

Given the heterogeneity of GCNIS cells in terms of OCT4 and PLAP expression it was 

determined whether MAGE-A4, a protein expressed in prespermatogonia, 

spermatogonia and spermatocytes and reported to be expressed in GCNIS (Aubry et 

al., 2001; Yakirevich et al., 2003), was associated with PLAP+/OCT4+, PLAP-/OCT4+ or 

PLAP+/OCT4- GCNIS cells in fetal testis and GCNIS from patients with pre-invasive 

and invasive TGCC.  

Triple immunofluorescence for OCT4, PLAP and MAGE-A4 was performed in first 

and second trimester of human fetal testis and GCNIS from seminoma and non- 

seminoma patients.  

In human fetal testes different phenotypes of germ cells were observed. These 

phenotypes were MAGE-A4+/PLAP+/OCT4+ (blue arrows, Fig. 3.17), MAGE-A4-

/PLAP+/OCT4+ (purple arrows, Fig. 3.17), MAGE-A4+/PLAP-/OCT4- (yellow arrows, 

Fig. 3.16), MAGE-A4-/PLAP+/OCT4- (white arrows, Fig. 3.16) or MAGE-A4-/PLAP-

/OCT4+ (red arrows, Fig. 3.17). 

In GCNIS from seminoma and non-seminoma patients, this experiment showed that 

there is also a diverse population of GCNIS cells from seminoma and non-seminoma 

patients, consisting of MAGE-A4+/PLAP+/OCT4+ (blue arrows, Fig. 3.17), MAGE-

A4+/PLAP+/OCT4- (orange arrows, Fig. 3.17), MAGE-A4-/PLAP+/OCT4+ (purple 

arrows, Fig. 3.17), or MAGE-A4-/PLAP+/OCT4- (white arrows, Fig. 3.17) GCNIS.  
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Figure 3.17. PLAP, OCT4 and MAGE-A4 expression in human fetal testis and GCNIS from seminoma and 
non-seminoma patients. SEM – seminoma, Non SEM – non-seminoma patients, red arrowhead – MAGE-
A4+/PLAP+/OCT4-, yellow arrows – MAGE-A4+/PLAP-/OCT4-, grey arrowheads – MAGE-A4-/PLAP+/OCT4+, 
white arrows – MAGE-A4-/PLAP+/OCT4-, red arrows – MAGE-A4-/PLAP-/OCT4+ and cyan arrows – MAGE-
A4+/PLAP+/OCT4+. Dashed lines represent the periphery of the tubules, top panel scale bars – 50µm, 
bottom panels scale bars – 100 µm.  
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A quantification was then performed in GCNIS cells from seminoma and non-

seminoma patients based on MAGE-A4, OCT4 and PLAP expression, in order to 

determine whether there was an association between the different phenotypes of 

GCNIS and the type of tumour.  

From the MAGE-A4+ GCNIS cells, which were 7.2% in seminoma and 3.1% in non-

seminoma patients (Fig. 3.18, A), 80.7% and 66% were MAGE-A4+/PLAP+/OCT4+ 

GCNIS cells from seminoma and non-seminoma patients respectively, 19.3% and 

34.1% were MAGE-A4+/PLAP+/OCT4-  GCNIS cells from seminoma and non-

seminoma patients respectively and finally MAGE-A4+/PLAP-/OCT4+ GCNIS cells 

were virtually non-existent (Fig. 3.18, B). Most MAGE-A4+ GCNIS cells co-expressed 

OCT4 and PLAP in seminoma samples. 

 

  

  
 
 
 
 

Figure 3.18. MAGE-A4 distribution in GCNIS cells in relation to PLAP and OCT4 expression.  (A) Distribution 
of MAGE-A4 expression in GCNIS from seminoma (n=5) and non-seminoma (n=5) patients. (B) 
Distribution of PLAP and OCT4 expression in MAGE-A4+ GCNIS from seminoma (n=5) and non-seminoma 
patients (n=5).  Number of cells counted per phenotype is described below its correspondent column 
and C) Total number of cells counted per type of tumour. Data analysed by (A) unpaired t-test and (B) 
one-way ANOVA followed by Tukey’s post hoc test, both analyses performed on arcsine transformed 
data (y=arcsin(y)), means ± SEM.  

 

Type of tumour Total no. of GCNIS 
cells counted 

SEM 4172 
non SEM 5892 
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3.5.3.10. Melanoma Associated Antigen 4 (MAGE-A4) expression 

in relation to OCT4 expression throughout testis development.  

MAGE-A4 has been reported to be expressed in spermatogonia (Yakirevich et al., 

2003) the subsequent stage of germ cell development after gonocyte. Gonocytes 

(OCT4+/MAGE-A4-) have been reported to lack MAGE-A4 expression, but as they 

differentiate, they lose OCT4 expression and gain MAGE-A4 to become 

prespermatogonia.  

In the human fetal testis, this study has shown that there are OCT4+/MAGE-A4- (red 

arrows, Fig. 3.19), OCT4-/MAGE-A4+ (white arrows, Fig. 3.19) and OCT4+/MAGE-A4+ 

(yellow arrows, Fig.3.19) fetal germ cells. MAGE-A4 expression became more 

apparent after 13 to 15 weeks of human fetal testis development.  

In the normal pre-pubertal and pubertal testis, OCT4+/MAGE-A4- and OCT4+/MAGE-

A4+ germ cells were not observed whilst there was a prevalence of OCT4-/MAGE-A4+ 

germ cells observed in every sample examined (Fig. 3.19).  

In the normal adult testis MAGE-A4 expression was observed in the cytoplasm of 

spermatogonia and at a lesser intensity in spermatocytes (Fig. 3.19).  
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3.5.3.11. MAGE-A4 expression in relation to OCT4 in pre-invasive 

and GCNIS 

The expression of MAGE-A4 in GCNIS has been also reported (Aubry et al., 2001), 

therefore studies to investigate the heterogeneity of expression of MAGE-A4 

expression in combination with OCT4 was studied at the different stages of TGCC 

with the aim of determining whether there was an association between MAGE-A4 

expression and progression of TGCC.  

Double immunofluorescence was first performed on samples containing GCNIS from 

patients with pre-invasive and invasive TGCC. A similar situation as in the human 

fetal testis was observed with different phenotypes of GCNIS present. These 

phenotypes were OCT4+/MAGE-A4+ (yellow arrows, Fig. 3.19) and OCT4+/MAGE-A4- 

(red arrows, Fig. 3.19).  Normal germ cells were also observed in some GCNIS tubules, 

which were OCT4-/MAGE-A4+ (white arrows, Fig. 3.19). 

From this experiment two different populations of GCNIS cells could be observed 

which were MAGE-A4+ and MAGE-A4- GCNIS.  
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 Figure 3.19. OCT4 and MAGE-
A4 expression in normal fetal 
and adult testis, and GCNIS 
from patients with pre-
invasive and invasive TGCC. 
Yellow arrow – OCT4+/MAGE-
A4+, red arrow – 
OCT4+/MAGE-A4-, white 
arrow – OCT4-/MAGE-A4+, 
dashed lines represent the 
periphery of the tubules, 
scale bars – 50µm. 
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3.5.3.12. MAGE-A4 expression GCNIS from patients with invasive 

TGCC  

As mentioned above two different phenotypes of GCNIS cells (OCT4+) were 

observed, these were again MAGE-A4+and MAGE-A4-. GCNIS cells with these two 

phenotypes were detected in GCNIS-containing tubules from both seminoma and 

non-seminoma patients (Fig. 3.20, A and B).  

In tubules with active spermatogenesis from samples with invasive disease, MAGE-

A4 was observed in spermatogonia and spermatocytes; OCT4 was not detected (Fig. 

3.20, C and D).   

 

Figure 3.20. MAGE-A4 and OCT4 expression in GCNIS and tubules with active spermatogenesis from 
seminoma and non-seminoma patients. Dashed lines represent the periphery of the seminiferous 
tubules, yellow arrows-OCT4+/MAGE-A4+ GCNIS, scale bars – 50 µm. 
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3.5.3.13. Quantification of MAGE-A4+ and MAGE-A4- GCNIS in 

pre-invasive and invasive TGCC  

After observing the different phenotypes of GCNIS cells based on MAGE-A4 

expression, stereology was performed in order to determine the percentage of the 

different phenotypes of GCNIS cells in the different stages of development of the 

disease and furthermore in seminoma and non-seminoma diagnosed patients.  

The results show that there is no significant difference in the proportion of MAGE-

A4+ GCNIS cells between stages of TGCC. The percentage of MAGE-A4+ GCNIS cells 

was 6.5%, 7.2%, 4.1% and 1.7% for childhood patients with pre-invasive TGCC, adult 

patient with pre-invasive TGCC, seminoma and non- seminoma patients respectively 

(Fig. 3.21, A).  

When comparing the percentage of MAGE-A4+ GCNIS cells between pre-invasive 

and invasive stages of the disease, there was a trend towards an increase in the 

proportion of MAGE-A4+ GCNIS cells in pre-invasive (6.86%) stages of disease 

compared to invasive (2.8%) stages of TGCC, however this did not reach statistical 

significance (Fig. 3.21, B). 

 
Figure 3.21. Distribution of MAGE-A4 and OCT4 expression in GCNIS cells from patients with pre-invasive 
and invasive TGCC. Pre CH – Childhood patients with pre-invasive TGCC (n=7), pre AH – adult patients 
with pre-invasive TGCC (n=7), SEM – seminoma (n=8), non SEM – non-seminoma (n=9), pre-invasive 
(pre CH + pre AH), invasive (SEM + non SEM). Data analysed by (A) one-way ANOVA followed by Tukey’s 
post hoc test and (B) unpaired t-test. Both analyses were performed on arcsine transformed data 
(y=arcsin(y)), means ±SEM. 
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3.5.3.14. Proliferation rate of MAGE-A4+ and MAGE-A4- GCNIS 

from patients with pre-invasive an invasive TGCC 

The differential expression of MAGE-A4 when comparing GCNIS cells from patients 

with pre-invasive and invasive TGCC indicated that the invasive capacity might 

differ between stages of disease, therefore experiments were performed to investigate 

the proliferation of MAGE-A4+ and MAGE-A4- GCNIS cells from patients with pre-

invasive and invasive disease. 

Triple immunofluorescence for OCT4, MAGE-A4 and ki67 was performed.  

Representative images for the immunofluorescence performed for the quantification 

can be observed in Fig. 3.22.  
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Figure 3.22. MAGE-A4, OCT4 and Ki67 expression in GCNIS cells from patients with pre-invasive and 
invasive TGCC. Dashed lines represent the periphery of the seminiferous tubules, scale bars – 50 µm. 
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From the immunofluorescence shown above, the proliferation of MAGE-A4+ and 

MAGE-A4- GCNIS cells was determined by stereological analysis.  

This experiment showed that overall 12.7% of GCNIS were proliferating, this is taking 

into account all the GCNIS cells from patients with pre-invasive and invasive disease. 

(Fig. 3.23, A). Overall, GCNIS cells from patients with pre-invasive disease were 

proliferating significantly more (p<0.01) than were GCNIS cells from patients with 

invasive disease, which was 20% and7% respectively (Fig. 3.23, B). 

When comparing the proliferation rate of MAGE-A4+ and MAGE-A4- GCNIS cells 

between patients with pre-invasive and invasive stages of TGCC, MAGE-A4- GCNIS 

cells from patients with pre-invasive TGCC proliferate more (21%, p<0.05) than did 

MAGE-A4- GCNIS cells or MAGE-A4+ GCNIS cells from patients with invasive 

TGCC, which proliferation rate was 7% and 4% respectively (Fig 3.23, C). The 

proliferation rate of MAGE-A4- GCNIS cells from patients with pre-invasive disease 

was 11% (Fig. 3.23, C). 

When the data was analysed without taking into account stage of disease was not 

taken into account, there was no difference between the proliferation of MAGE-A4+ 

and MAGE-A4- GCNIS cells (Fig. 3.23, D).  
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Figure 3.23. Distribution of GCNIS proliferation in relation to MAGE-A4 expression. A) Proliferation rate 
of GCNIS cells (n=16). B) Proliferation of GCNIS cells from patients with pre-invasive (n=7) and invasive 
(n=9) TGCC. C) Proliferation of MAGE-A4+ and MAGE-A4- in GCNIS from patients with pre-invasive (n=7) 
and invasive (n=9) disease. D) Proliferation of MAGE-A4+ and MAGE-A4- GCNIS cells from patients with 
pre-invasive and invasive disease (n=16). Data analysed by (B and D) t-test, and (C) one-way ANOVA, 
both analyses performed on arcsine transformed data (y=arcsin(y)), *p<0.05, **p<0.01, means ±SEM.  
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3.5.3.15. Proliferation index of MAGE-A4+ and MAGE-A4-GCNIS 

The proliferation index of MAGE-A4+ and MAGE-A4- GCNIS cells was also analysed 

in childhood and adult patients with pre-invasive disease and seminoma or non-

seminoma patients. This results show a trend towards a reduction of the proliferation 

rate of MAGE-A4+ GCNIS cells compared to MAGE-A4- GCNIS cells at every stage of 

TGCC, however this did not reach statistical significance (Fig. 3.24).  

 

Figure 3.24. Proliferation of MAGE-A4- and MAGE-A4+ GCNIS cells. Proliferation of MAGE-A4- and MAGE-
A4+ GCNIS cells in (A) childhood patients with pre-invasive disease (n=4), (B) adult patients with pre-
invasive disease (n=3), (C) seminoma patients (n=4) and (D) non-seminoma patients (n=5). Data 
analysed by paired t-test on arcsine transformed data (y=arcsin(y)), means ±SEM.  
 



Chapter 3             Heterogeneity of germ cell neoplasia in situ (GCNIS) cells  153 

 
 

3.5.3.16. Proliferation index of OCT4+/MAGE-A4+ and 

OCT4+/MAGE-A4-GCNIS according to stage of TGCC 

progression. 

When the proliferation of MAGE-A4+ and MAGE-A4- GCNIS cells were compared 

between stages of the disease; MAGE-A4- GCNIS cells from adult patients with pre-

invasive disease proliferated more (23%, p<0.05) when compared to MAGE-A4- 

GCNIS cells from non-seminoma (5.8%) patients. Proliferating MAGE-A4- GCNIS 

cells from childhood patients with pre-invasive disease accounted for 20% whilst 

8.5% of MAGE-A4- GCNIS cells from seminoma patients were proliferating (Fig. 3.25, 

A) 

On the other hand, MAGE-A4+ GCNIS cells showed no difference in the proliferation 

rate of GCNIS from childhood (6.5%) and adult (4.01%) patients with pre-invasive 

disease, GCNIS cells from seminoma (5.4%) and GCNIS cells from non-seminoma 

(3.3%) patients (Fig 3.25, B). 

 

Figure 3.25. Proliferation of MAGE-A4- and MAGE-A4+ GCNIS cells in progressive stages of TGCC.  
Proliferation Index of (A) MAGE-A4- and (B) MAGE-A4+ GCNIS from childhood patients with pre-invasive 
disease (Pre CH, n=4), adult patients with pre-invasive disease (Pre AH, n=3), seminoma patients (SEM, 
n=4) and non-seminoma patients (non SEM, n=5). Data analysed by one-way ANOVA followed by 
Tukey’s post hoc test performed on arcsine transformed data (y=arcsin(y)), *p<0.05, means ±SEM. 
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3.1. Discussion 

Heterogeneity of protein expression in GCNIS  

This chapter showed that GCNIS display heterogeneous expression of well-

stablished GCNIS cell markers (OCT4, LIN28 and PLAP), and a spermatogonia and 

spermatocyte expressed protein (MAGE-A4), furthermore that the proliferation of 

GCNIS cells vary according to their protein expression phenotype.   

OCT4 and PLAP are established markers for GCNIS that are widely used to 

determine the presence of this TGCC precursor lesion in patients (Rajpert-De Meyts 

et al., 2015). Specifically, OCT4 is more widely used in scientific reports whereas 

PLAP is commonly used more in the clinic, hence the importance in heterogeneity of 

expression of these markers given that it might point to crucial differences that reveal 

options for diagnosis or treatment. 

This study showed that OCT4, PLAP and LIN28 are suitable antibodies for GCNIS 

detection in childhood and adult patients with pre-invasive TGCC (i.e. GCNIS only) 

as well as in patients with invasive TGCC, who are patients diagnosed with 

seminoma and non-seminoma tumours (Section 3.4.2); this agrees with the literature 

(Jacobsen & Nørgaard-Pedersen, 1984; Giwercman et al., 1991; Roelofs et al., 1999; 

Looijenga et al., 2003; Jones et al., 2004; Almstrup et al., 2004; Rajpert-De Meyts, 2006; 

Cao et al., 2011; Mitchell, et al., 2014). 

There are plenty of studies that have revealed important findings in GCNIS 

properties by identifying GCNIS with only one marker, for instance Aubry and 

colleagues (2001) only used DAB immunohistochemistry to determine MAGE-A4 

expression in GCNIS, no other marker such as a PLAP, OCT4 or LIN28 was used to 

confirm MAGE-A4 expression in GCNIS (Aubry et al., 2001). Another example is 

Sonne and colleagues (2009) who microdissected GCNIS, identified by PLAP or AP2γ 

individually to demonstrate the presence of GCNIS (Sonne et al., 2009). A point 

highlighted by this study is that future studies should use methods to detect multiple 

markers of GCNIS given that the present study shows that GCNIS are indeed a 
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heterogeneous population and their properties, such as proliferation, might be 

phenotype dependent. 

In this study the array of tissue that was available provided an unrivalled opportunity 

to study the heterogeneity of GCNIS in childhood and adult pre-invasive stages of 

TGCC, as well as in patients diagnosed with TGCC invasive disease, both seminoma 

and non-seminoma tumours. Therefore, a more complete analysis of the relationship 

between GCNIS phenotype, proliferation and disease development could be 

undertaken.  

 

PLAP expression might be involved in GCNIS cell progression to 

tumour formation  

OCT4 and PLAP as mentioned above, have been used individually for the detection 

of GCNIS. However, in the present study the presence of fetal germ cells and GCNIS 

cells which expressed OCT4 only (OCT4+/PLAP-), PLAP only (OCT4-/PLAP+) or both 

markers (OCT4+/PLAP+) was observed (Fig. 3.12). 

In the testis, PLAP has been shown to be expressed in primordial germ cells, 

gonocytes, germ cell tumours and GCNIS (Jacobsen & Nørgaard-Pedersen, 1984). 

Although, its expression together with OCT4 has not being looked at in human fetal 

testis germ cells nor in GCNIS, with the exception of the present study, part of which 

has now been published (Mitchell et al., 2014). The present study provides evidence 

to suggest that PLAP expression in GCNIS cells might be playing a role in GCNIS 

cells progression to tumour formation given that the quantification of PLAP+/OCT4+ 

GCNIS cells were significantly lower in GCNIS cells from patients with pre-invasive 

TGCC when compared to GCNIS cells from patients with invasive TGCC (Fig. 3.13, 

A). These results could imply that as GCNIS progresses towards invasiveness, and 

thus tumour formation, there is an increase in PLAP expression in OCT4+ GCNIS cells. 

Furthermore, the proportion of PLAP-/OCT4+ GCNIS cells reduced as the disease 

progressed into invasiveness, and PLAP+/OCT4- GCNIS cells increase with invasion 

(Fig. 3.13 B and C), which could suggest again that PLAP expression increases as the 
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disease progresses. This was evidenced by the quantification of two different GCNIS 

cell phenotypes, in both of which increased PLAP expression was associated with 

invasive stages of TGCC (Fig 3.13).  

Although there is a lot to be discovered about the function of PLAP it has been 

associated with the transport of nutrients across the trans-placental membrane to the 

fetus during pregnancy (Onyesom et al., 2009). Furthermore another study suggests 

an association of PLAP with the proliferation of tumour cells of the human neck and 

squamous carcinoma cells lines (Bijman et al., 1987). In the present study there was 

an increased (p<0.05) proliferation of PLAP+/OCT4+ GCNIS cells from adult patients 

with pre-invasive TGCC (23%) when compared to PLAP+/OCT4+ GCNIS cells from 

childhood patients with pre-invasive TGCC and seminoma patients (6% for both), 

furthermore PLAP-/OCT4+ GCNIS cells proliferated more in adult patients with pre-

invasive TGCC (33%) compared to GCNIS from childhood patients with pre-invasive 

TGCC (4%) and to GCNIS from seminoma patients (7%). This data is not that straight 

forward to understand because as mentioned above, there are more PLAP+/OCT4+ 

GCNIS cells in patients with invasive TGCC compared to those of patients with pre-

invasive disease, but at the same time PLAP+/OCT4+ GCNIS cells do not proliferate 

more in invasive stages of disease. This could suggest that the PLAP+/OCT4+ GCNIS 

cells population is settled from the beginning of the disease or apoptosis of other 

GCNIS cell phenotypes is taking place. An alternative explanation for this is that 

PLAP-/OCT4+ GCNIS cells transform to PLAP+/OCT4+ GCNIS cells as they become 

invasive. This could suggest that GCNIS cells could adapt according to their 

microenvironment.  PLAP has been already suggested as a serum marker for 

seminoma, where it has been shown that 60% of seminoma patients has elevated 

PLAP serum levels (Vergote et al., 1987). 
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MAGE-A4 expression and putative suppression of GCNIS 

proliferation 

MAGE-A4 is a spermatogonial and spermatocyte protein, which has also been 

reported to be expressed in a sub-population of GCNIS (Aubry et al., 2001). Therefore, 

the present study aimed to characterize MAGE-A4 expression in the human fetal 

testis, normal adult testis and in GCNIS from pre-invasive and invasive TGCC 

patients. The results of the study agree with Aubry and colleagues (2001), in showing 

a heterogeneous expression of MAGE-A4 in GCNIS cells (Fig. 3.20). The present study 

however, has shown that a decrease in proliferation of GCNIS was observed in 

association with MAGE-A4 expression (App. I). This suggests that MAGE-A4 might 

be having an anti-proliferative effects in GCNIS cells, a role which has been 

previously suggested in hepatocellular carcinoma cells lines (Nagao et al., 2003). 
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3.2. Conclusions 

During normal fetal testis differentiation the gonocytes (OCT4+/MAGE-A4-) 

differentiate into spermatogonia (OCT4-/MAGE-A4+). GCNIS, the precursor lesion of 

TGCC, originates from the gonocyte and has been shown to express proteins, such as 

OCT4, PLAP and LIN28 that are characteristic of undifferentiated fetal germ cells. 

This study has provided strong evidence for the heterogeneity of GCNIS cells and has 

provided circumstantial evidence that this might be related to TGCC progression. 

These results demonstrate that LIN28 and OCT4 can be used as a reliable marker for 

GCNIS cells, as there was a 98% co-expression of these proteins in GCNIS cells. 

However, PLAP expression should be used with caution as shown that its expression 

varies with progression of TGCC and there are GCNIS cells, which do not express 

PLAP, which can vary from 33% to 4% depending on the stage of disease. Therefore, 

by using PLAP only there is the possibility of missing ~15% of GCNIS. It is concluded 

that PLAP should only be used in combination with OCT4 or LIN28. 

These results show that the percentage of PLAP expressing GCNIS cells is less in 

patients with pre-invasive TGCC (38.5%) compared to GCNIS cells from patients with 

invasive disease (70.15%).  Suggesting that PLAP might be playing a role in GCNIS 

activation and tumour formation.  

The present study also shows that the majority of GCNIS do not express the 

spermatogonial protein MAGE-A4. Nevertheless, MAGE-A4+ GCNIS cells proliferate 

less compared to MAGE-A4- GCNIS cells, therefore it is concluded that MAGE-A4 

expression can influence the oncogenic potential of GCNIS. Part of this data has 

already been published (App. I). 

Previous studies have demonstrated the proliferation of GCNIS, but the proliferation 

rate of GCNIS has not been previously reported (Datta et al.,  2000). The present study 

provides a detailed analysis of the proliferation rate for different phenotypes of 

GCNIS cells (Table 3.1). 
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Table 3.1. Proliferation rate (%) of GCNIS according to phenotype. 

 pre CH pre AH SEM Non-SEM 
PLAP+/OCT4+ 6 23 6 20 
PLAP-/OCT4+ 4 33 7 17 
PLAP+/OCT4- 0 54 8.3 24.3 

OCT4+/MAGE-A4- 20.2 23.1 8.5 5.8 
OCT4+/MAGE-A4+ 16.6 4 5.4 3.3 
Pre CH – childhood patients with pre-invasive TGCC; pre AH – adult patient 
with pre-invasive TGCC; SEM – patient diagnosed with seminoma; non-SEM 
– patient diagnosed with non-seminoma 

 



Chapter 4 Mitosis-meiosis switch and methylation 160 
                           in GCNIS populations in relation to invasiveness  
 

4. Mitosis-Meiosis switch and methylation in GCNIS 

populations in relation to invasiveness 

4.1. Introduction 

4.1.1. Mitosis -Meiosis switch in GCNIS 

DMRT1 is a key differentiation and meiosis regulator. DMRT1 mutations have  

previously been associated with an increased risk of testicular germ cell tumours risk 

(Krentz et al., 2009; Turnbull et al., 2010; Kanetsky et al., 2011). As mentioned 

previously GCNIS is the precursor lesion to TGCC and it has been shown that a subset 

of GCNIS cells express DMRT1. Furthermore, there is a marked change in DMRT1 

expression in GCNIS cells prior to and after puberty. It has been shown that the 

percentage of DMRT1+ GCNIS cells is higher in patients with pre-invasive pre-

pubertal disease compared to those of patients with pre-invasive post-pubertal 

TGCC, whereas GCNIS cells from patients with invasive disease did not express 

DMRT1 (Jørgensen et al., 2013). In the present study DMRT1 expression was 

characterized in GCNIS cells from patients with pre-invasive and invasive TGCC by 

multiple immunofluorescence. The proliferation rate of DMRT1+ and DMRT1-  GCNIS 

cells was determined and the association between DMRT1 and histone methylation 

markers that could be regulating DMRT1 was also investigated. 

Spermatogonia express DMRT1 (Jørgensen et al., 2012) and MAGE-A4 (Yakirevich et 

al., 2003). In Chapter 3 it was shown that MAGE-A4- GCNIS cells proliferate more 

than MAGE-A4+ GCNIS cells. The same approach to investigate the proliferation of 

DMRT1+ and DMRT1- GCNIS cells will be attempted. 
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4.1.1. Methylation of GCNIS  

The Methylation status of GCNIS has been shown to be similar to that of the fetal 

germ cells (Almstrup et al., 2010). Additionally, some of these methylation markers 

have been shown to play an important role in a variety of cancers. For example, EZH2 

(enhancer of Zest 2) is a methylatransferase member of the polycomb receptor 

complex 2 (PCR2; Fig. 4.1), and it catalyses a gene repressive histone modification 

(H3K27me3).  Previous studies have shown that EZH2 expression is reduced in 

testicular germ cell tumours compared with normal testicular tissue with intact 

spermatogenesis (Hinz et al., 2010). EZH2 and H3K27me3 over-expression has been 

associated with several types of cancer such as breast cancer (Yoo & Hennighausen, 

2012) and prostate cancer(Wassef et al., 2015). Furthermore, EZH2 has been shown to 

have potential as a biomarker in hepatocellular carcinoma (Hung et al., 2014). It has 

also been shown that EZH2 expression correlated with mouse prostate cancer cell 

proliferation (Wassef et al., 2015). Recent studies have associated aberrant EZH2 and 

H3K27me3 expression to uncontrolled clonal proliferation in mammary cancer, 

resulting in a poor prognosis and increased risk of metastasis (Magnani et al., 2016; 

Wassef et al., 2015).   

CHIP-seq performed on baboon sub-ventricular zone progenitor cells, revealed that 

H3K4me3 was enriched for genes involved in cell cycle, cellular growth and 

proliferation, suggesting that aberrant H3K4me3 activation might play a role in 

cancer cells proliferation (Sandstrom et al., 2014). Therefore, the association of 

H3K4me3 expression and GCNIS proliferation was also studied. 
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Figure 4.1. The Polycomb receptor complex 2 (PRC2). PRC2 is comprised of EED, SUZ12 and EZH2, where 
the latter is responsible for the trimethylation of Histone 3 on lysine 27 (H3K27me3). Modified from 
Yoo & Hennighausen, 2012.  
 

The potential associations of the expression of EZH2, H3K27me3 and H3K4me3 and 

TGCC progression has not been studied. Furthermore, the expression of these 

proteins has not been studied in GCNIS from patients with pre-invasive and invasive 

disease. Likewise, the different phenotypes of GCNIS cells based on their methylation 

status has not been described. The methylation status of GCNIS could indicate a role 

in the progression from GCNIS to tumour formation, or indeed its expression could 

be different between seminoma and non-seminoma tumours.  

 

4.2. Hypothesis 

It was hypothesized that DMRT1, EZH2, H3K4me3 and H3K27me3 are expressed in 

a subpopulation of GCNIS which differ in proliferation rate and are associated with 

a progression of TGCC. It was also hypothesized that H3K4me3, EZH2 and 

H3K27me3 are associated with MAGE-A4 or DMRT1 expression in GCNIS.  
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4.3. Chapter aims 

This chapter aimed to characterize DMRT1, EZH2, H3K27me3, and H3K4me3 in 

normal germ cells and in GCNIS from patients with pre-invasive and invasive TGCC. 

Based on this characterization a determination was made on whether there was any 

association between DMRT1, EZH2, H3K27me3 and H3K4me3 expression and TGCC 

progression. Additionally, an association between EZH2, H3K27me3 and H3K4me3 

expression with MAGE-A4 and DMRT1 expression in fetal germ cells and GCNIS 

cells was investigated.  

Finally, the proliferation rate of GCNIS phenotypes (based on DMRT1 and 

H3K27me3 expression) in progressive stages of TGCC was determined. 
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4.4.  Materials and Methods 

4.4.1. Human testicular fetal tissue 

Human testicular fetal tissue (n=4) was obtained as described in section 2.1.1. 

Dissection, sex determination and age assessment was performed as described in 

section 2.1.2.  

4.4.2. Human normal adult testis 

Human normal adult testis (n=10) tissues were obtained as described in section 2.1.3. 

Details about this tissue can be seen in Table 2.1. 

4.4.3. Human testicular pre-invasive and invasive testicular germ cell 

cancer tissue 

Human testicular cancer tissue (n=21) was obtained as described in section 2.1.4 and 

2.1.5. Details and pathology report of this tissue can be seen in Table 2.2. and 2.3. 

4.4.4. Immunofluorescence 

After tissue processing as described in section 2.2, immunofluorescence for DMRT1, 

MAGE-A4, OCT4, EZH2, H3K27me3, H3K4me3 and Ki67, was performed as 

described in section 2.5 with primary and secondary antibody dilutions as per Table 

2.5 and 2.6. 

4.4.5. Image capture and Stereology  

Images capture and stereology for immunofluorescence was performed as described 

in section 2.6. Stereological studies in this chapter were performed through cell 

counts. 

4.4.6. Statistical analysis 

Statistical analysis was performed as described in section 2.7. Unpaired t-test and one-

way ANOVA were performed on arcsine transformed percentages to analyse the 

distribution of the different phenotypes and proliferation rate of GCNIS cells 
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4.5. Results 

4.5.1. DMRT1 characterization in normal and TGCC testis and its 

relationship with GCNIS proliferation  

4.5.1.1. DMRT1 and OCT4 expression in human fetal testis 

Given its role in the regulation of the mitosis-meiosis switch and its expression in a 

subset of GCNIS cells (Matson et al., 2010; Jørgensen et al., 2013), DMRT1 was studied. 

DMRT1 expression was characterised by immunohistochemistry in human fetal 

testis. Using OCT4 as a marker for gonocytes it can be observed that DMRT1 is not 

expressed in the gonocytes at this stage in development (Fig. 4.1). On the other hand, 

DMRT1 expression was observed consistently in Sertoli cell nuclei at all fetal ages 

studied (Fig. 4.2). 
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Figure 4.2. DMRT1 and OCT4 expression in human fetal testis. neg. – no primary antibody control. Dashed 
lines represent the periphery of the tubules, scale bars – 50 µm. 
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4.5.1.2. DMRT1 and OCT4 expression in normal adult testis 

When the same immunofluorescent analysis was carried out in adult testis from 

healthy men, DMRT1 expression was observed in the nuclei of peritubular myoid 

cells, spermatogonia and Sertoli cells. (Fig. 4.3) 

 
Figure 4.3. DMRT1 and OCT4 expression in normal adult testis. Dashed lines represent the periphery of 
the tubules, scale bars – 50 µm. 
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4.5.1.3. DMRT1 and OCT4 expression in GCNIS cells from 

patients with pre-invasive TGCC  

Multiple immunofluorescence for DMRT1 and OCT4 was performed in GCNIS from 

patients with pre-invasive TGCC. This experiment showed that DMRT1+ and DMRT1- 

GCNIS cells (based on co-localization with OCT4) are present in childhood and adult 

patients with pre-invasive TGCC (Fig. 4.4). 

 
Figure 4.4. DMRT1 and OCT4 expression in GCNIS from patients with pre-invasive TGCC. m – months of 
age, y – years of age, White arrows – DMRT1+ GCNIS, yellow arrows – DMRT1- GCNIS, dashed lines 
represent the periphery of the tubules, scale bars – 50 µm. 
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4.5.1.4. DMRT1 and OCT4 expression in GCNIS from seminoma 

and non-seminoma patients 

DMRT1 expression was also investigated in GCNIS cells from seminoma and non-

seminoma patients, demonstrating a phenotype similar to that of GCNIS cells from 

patients with pre-invasive TGCC, where DMRT1+ and DMRT1- GCNIS (based on co-

localization with OCT4) could be observed in patients with invasive TGCC (Fig. 4.5). 

 
Figure 4.5. DMRT1 and OCT4 expression in GCNIS from seminoma and non-seminoma patients. White 
arrows – DMRT1+ GCNIS, yellow arrows – DMRT1- GCNIS. Dashed lines represent the periphery of the 
tubules, scale bars – 50 µm. 
 

The population of DMRT1+ GCNIS was then quantified, showing that 54% of GCNIS 

cells exhibited this phenotype in childhood patients with pre-invasive TGCC, 14.4% 

in adult patient with pre-invasive TGCC, 18.3% in seminoma patients, and 31.5% in 

non-seminoma patients. Three individual samples were quantified for each stage of 

TGCC development (App. II).  
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4.5.1.5. OCT4, DMRT1 an Ki67 expression in GCNIS from 

patients with pre-invasive and invasive disease 

The proliferation of DMRT1+ GCNIS and DMRT1- GCNIS was assessed using 

multiple immunofluorescence. Representative images of the immunofluorescence for 

OCT4, DMRT1 and Ki67 in GCNIS from patients with pre-invasive TGCC and 

patients with seminoma or non-seminoma can be seen in Fig. 4.6. A subpopulation of 

GCNIS cells were identified to be Ki67+, whilst the Sertoli cells were ki67- and 

therefore not proliferating.  

 
Figure 4.6. DMRT1, OCT4 and Ki67 expression in GCNIS from (A) childhood and (B) adult patients with 
pre-invasive TGCC and GCNIS from patients with (C) seminoma or (D) non-seminoma. white arrows – 
DMRT1+/ Ki67+, Yellow arrows – DMRT1+/Ki67-, Red arrows – DMRT1-/Ki67+, green arrows – DMRT1-

/Ki67- scale bars – 50 µm. 
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4.5.1.6. Proliferation of DMRT1+ and DMRT1-  GCNIS from 

patients with pre-invasive and invasive disease 

The proportion of DMRT1-  and DMRT1+ proliferating (Ki67+) GCNIS cells (OCT4+) 

was then analysed in progressive stages of disease. The proliferation rate of DMRT1-  

and DMRT1+ GCNIS cells from childhood patients with pre-invasive TGCC was 

75.5% and 59.6% respectively (Fig. 4.7, A). In adult patients with pre-invasive TGCC, 

the proliferation rate of DMRT1- GCNIS cells was 55.2% whereas the proliferation rate 

of DMRT1+ GCNIS cells was 51.3% (Fig. 4.7, B). The proliferation rate of DMRT1- 

GCNIS cells from seminoma patients was 38.7% whereas for DMRT1+ GCNIS cells it 

was 26.8% (Fig. 4.7, C). Finally, GCNIS from non-seminoma patients exhibited 36% 

and 28.3% proliferation for DMRT1- and DMRT1+ GCNIS respectively (Fig. 4.7, D). 

These results suggest that DMRT1 expression is not associated with TGCC 

progression, nor with proliferation of GCNIS cells.  

 
Figure 4.7. Percentage of proliferating DMRT1- and DMRT1+ GCNIS cells in (A) childhood and (B) adult 
patients with pre-invasive TGCC and in patients with (C) seminoma or (D) non-seminoma. n=3 for all 
stages of TGCC. Analysed by paired t-test on arcsine transformed data (y=arcsin(y)), mean ±SEM. 
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4.5.2. EZH2 characterization in relation to OCT4 and MAGE-A4 

expression in GCNIS 

EZH2 expression has been associated with malignant transformation in testicular 

germ cell cancer (Hinz et al., 2010). This association is based on mRNA analysis, 

however the expression and distribution of EZH2 has not been convincingly 

demonstrated (Almstrup et al., 2010). The aim was to define the expression of EZH2, 

its repressive histone modification H3K27me3, and the independent gene permissive 

histone modification H3K4me3 in the human fetal testis, GCNIS and testicular cancer, 

with the purpose of finding associations between protein expression and TGCC 

progression and invasiveness. The co-localisation of EZH2, H3K27me3 and H3K4me3 

with the markers OCT4, MAGE-A and DMRT1 were also studied in order to 

determine the different phenotypes of GCNIS in progressive stages of TGCC.   

 

4.5.2.1. EZH2 expression in gonocytes and prespermatogonia of 

human fetal testis 

Immunofluorescence for EZH2, MAGE-A4 and OCT4 was carried out in human fetal 

testis and this demonstrated that EZH2 is homogeneously expressed in gonocytes 

(OCT4+/MAGE-A4-), differentiating gonocytes (OCT4+/MAGE-A4+) and 

prespermatogonia (OCT4-/MAGE-A4+) during human fetal testis development (Fig. 

4.9). EZH2 was also detected in Sertoli cells (Fig. 4.8). 
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Figure 4.8. EZH2, OCT4 and MAGE-A4 expression in human fetal testis. w – weeks of gestation, yellow 
arrows – OCT4+/MAGE-A4-, pink arrows – OCT4+/MAGE-A4+, white arrows – OCT4-/MAGE-A4+, scale 
bars – 50 µm. 
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4.5.2.2. EZH2 expression in GCNIS from patients with invasive 

TGCC  

Immunofluorescence analysis for EZH2, MAGE-A4 and OCT4 expression in GCNIS 

cells from patients with invasive TGCC demonstrated that EZH2 was expressed in 

both MAGE-A4+ and MAGE-A4- GCNIS cells (OCT4+).  

 
Figure 4.9. EZH2, OCT4 and MAGE-A4 expression in GCNIS from patients with invasive TGCC. Yellow 
arrows – OCT4+/MAGE-A4-, white arrows – OCT4+/MAGE-A4+, dashed lines represent the periphery of 
the tubules, scale bars – 50 µm. 
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4.5.3. EZH2 expression in relation to H3K27me3 in GCNIS from 

patients with invasive TGCC  

Although the main function of EZH2 is catalysing H3K27me3 histone modification, 

in order for EZH2 to function it requires other members of the polycomb receptor 

complex 2 (PRC2) to assemble.  Recently it has been shown that in mouse prostate 

cancer cells, EZH2 expression almost perfectly correlates with the rate of cell division, 

where higher EZH2 signal is associated with increased cell growth, whilst H3K27me3 

signals remained constant (Wassef et al., 2015). Therefore, the expression of 

H3K27me3 was characterized in GCNIS cells in order to determine whether there was 

an association between EZH2 and H3K27me3 expression. 

EZH2 was again observed in all GCNIS but H3K27me3 was expressed in a subset of 

GCNIS cells (Fig. 4.10). H3K27me3 was also observed in Sertoli cells and numerous 

interstitial cells.  

 

Figure 4.10. EZH2, OCT4 and H3K27me3 expression in GCNIS from patients with invasive TGCC. White 
arrows – OCT4+/EZH2+/H3K27me3-, yellow arrows – OCT4+/EZH2+/H3K27me3+. Dashed lines represent 
the periphery of the tubules, scale bars – 50 µm. 
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4.5.4. H3K27me3 characterization in normal testis and GCNIS from 

patients with TGCC in relation to OCT4, MAGE-A4 and DMRT1 

expression 

 

4.5.4.1. H3K27me3 in relation to OCT4 and MAGE-A4 expression 

in human fetal testis 

After observing a heterogeneous expression of H3K27me3 in GCNIS cells, H3K27me3 

expression in human fetal germ cells was characterized in order to establish whether 

there was an association between H3K27me3 and germ cells expressing OCT4 and/or 

MAGE-A4. In order to do this immunofluorescence for H3K27me3, OCT4 and 

MAGE-A4 was performed in human fetal testis. This demonstrates that H3K27me3 is 

heterogeneously expressed in gonocytes (OCT4+/MAGE-A4-), differentiating 

gonocytes (OCT4+/MAGE-A4+) and prespermatogonia (OCT4-/MAGE-A4+) at 

different stages of fetal testis development (Fig. 4.11).   
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Figure 4.11. H3K27me3, OCT4 and MAGE-A4 expression in human fetal testis. Purple arrows – OCT4-

/MAGE-A4+/H3K27me3-, white arrows – OCT4-/MAGE-A4+/H3K27me3+, blue arrows – OCT4+/MAGE-
A4+/H3K27me3-, orange arrows – OCT4+/MAGE-A4+/H3K27me3+,   yellow arrows – OCT4+/MAGE-A4-

/H3K27me3-, red arrows – OCT4+/MAGE-A4-/H3K27me3+. Dashed lines represent the periphery of the 
tubules, scale bars – 50 µm. 
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4.5.4.2. H3K27me3 expression in relation to OCT4 and MAGE-A4 

in GCNIS from adult patients with pre-invasive TGCC 

Immunofluorescence for H3K27me3, OCT4 and MAGE-A4 was the performed in 

GCNIS from adult patients with pre-invasive and invasive TGCC. This demonstrated 

that H3K27me3 was also expressed in subpopulations of MAGE-A4+ and MAGE-A4-  

GCNIS cells (OCT4+) from adult patients with pre-invasive and invasive TGCC (Fig. 

4.12).  

 
Figure 4.12. H3K27me3, OCT4 and MAGE-A4 expression in GCNIS from adult patients with pre-invasive 
and invasive TGCC. y-years, blue arrows – MAGE-A4+/H3K27me3-, orange arrows – MAGE-
A4+/H3K27me3+,   yellow arrows – MAGE-A4-/H3K27me3-, red arrows – MAGE-A4-/H3K27me3+ dashed 
lines represent the periphery of the tubules, scale bars – 50 µm. 
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4.5.4.3. Quantification of H3K27me3 expression in MAGE-A4+ 

and MAGE-A4- GCNIS cells 

In order to understand whether H3K27me3 co-expression in MAGE-A4+ and MAGE-

A4- GCNIS was associated with TGCC progression, H3K27me3 expression was 

quantified in MAGE-A4+ and MAGE-A4- GCNIS in patients with progressive stages 

of TGCC.  

The quantification was performed from immunofluorescence for H3K27me3, OCT4 

and MAGE-A4 on samples from 11 patients with pre-invasive or invasive TGCC. This 

shows that H3K27me3 was expressed in 1.1% of MAGE-A4+ and in 11.7% of MAGE-

A4- GCNIS cells (Fig. 4.13, A). 

The expression of H3K27me3 in MAGE-A4- GCNIS cells was then analysed 

depending on the stage and type of disease (pre-invasive, seminoma and non-

seminoma). In GCNIS cells from adult patients with pre-invasive disease, seminoma 

and non-seminoma patients, the proportion of MAGE-A4-/H3K27me3+ was 

significantly lower than the proportion of MAGE-A4-/H3K27me3- (p<0.01). 

H3K27me3 was expressed in 19.7%, 5.7% and 9.1% of GCNIS from adult pre-invasive, 

seminoma and non-seminoma patients respectively (Fig. 4.13, B). 

There were significantly less MAGE-A4-/H3K27me3- GCNIS cells from adult patients 

with pre-invasive disease compared to MAGE-A4-/H3K27me3- GCNIS cells from 

seminoma patients (p<0.05; Fig. 4.13, B). This suggest that MAGE-A4-/H3K27me3- 

GCNIS cells increase with progression of GCNIS cells to seminoma cells.  
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Figure 4.13. Distribution of H3K27me3 expression in MAGE-A4+ and MAGE-A4- GCNIS cells. (A) 
Distribution of H3K27me3 expression in MAGE-A4+ and MAGE-A4- GCNIS cells. (B) H3K27me3 
distribution in MAGE-A4- GCNIS from (pre-invasive adulthood) adult men with pre-invasive disease 
(n=4), or seminoma (n=3) or non-seminoma (n=3) patients. Data analysed by (A) paired t-test and (B) 
one-way ANOVA followed by Tukey’s post hoc test, both analyses were performed on arcsine 
transformed data (y=arcsin(y)), mean ±SEM, **p<0.01. 
 

When analysing the data by stage of disease in MAGE-A4+ GCNIS cells, H3K27me3 

expression was virtually non-existent (0%) in seminoma and non-seminoma patients 

whereas in GCNIS cells from patients with pre-invasive TGCC, 2.14% of MAGE-A4+ 

GCNIS cells were expressing H3K27me3. There was no difference in the distribution 

of MAGE-A4+/H3K27me3- GCNIS cells between progressive stages of disease (App. 

III). 
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4.5.4.4. Distribution of H3K27me3 in DMRT1+ and DMRT1- 

GCNIS cells  

DMRT1 is a gene that has been shown to regulate mitosis and meiosis, and as outlined 

in Chapter 3 DMRT1 is expressed in a subpopulation of GCNIS. Therefore, it was 

hypothesized that H3K27me3 may be repressing DMRT1 in DMRT1- GCNIS and 

preventing GCNIS differentiation into spermatogonia.  

Immunofluorescence for H3K27me3, OCT4 and DMRT1 was performed in samples 

from adult patients with pre-invasive TGCC, seminoma or non-seminoma patients. 

H3K27me3 was heterogeneously expressed in DMRT+ and DMRT1- GCNIS cells 

(OCT4+) from adult patients with pre-invasive TGCC, seminoma and non-seminoma 

patients (Fig. 4,14).  

 
Figure 4.14. H3K27me3, OCT4 and DMRT1 expression in GCNIS from adult patients with pre-invasive and 
invasive TGCC. (A) GCNIS cells from an adult patient with pre-invasive disease (26y), (B) seminoma and 
(C) non-seminoma patient. white arrows – DMRT1-/H3K27me3+, red arrows – DMRT1-/H3K27me3-, 
yellow arrows – DMRT1+/H3K27me3+ and orange arrows –DMRT1+/H3K27me3-. Dashed lines represent 
the periphery of the tubules, scale bars – 50 µm. 
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From the Immunofluorescence for H3K27me3, OCT4 and DMRT1 described above, 

the distribution of H3K27me3 expression in DMRT1+ and DMRT1- GCNIS was 

quantified, and this showed significantly less DMRT1-/H3K27me3+ GCNIS cells 

compared to DMRT1+/H3K27me3+ GCNIS cells (20% v 63%; p<0.01; Fig. 4.15). 

 
Figure 4.15. Distribution of H3K27me3 expression in DMRT1+ and DMRT1- GCNIS cells. n=10, data 
analysed by paired t-test performed on arcsine transformed data (y=arcsin(y)), mean ±SEM. 
 

H3K27me3 expression in DMRT1+ GCNIS cells was then analysed by taking stage of 

disease into consideration. This analysis showed that there was no significant 

difference in the proportion of DMRT1+/H3K27me3+ GCNIS cells and 

DMRT1+/H3K27me3- GCNIS cells from adult patients with pre-invasive TGCC (75% 

v 25%; n=4), GCNIS from seminoma patients (47% v 52%; n=3) and GCNIS from non-

seminoma patients (70.6% v 29%; n=3; App. IV, A).  

H3K27me3 expression in DRTM1- GCNIS cells was also analysed by taking stage of 

disease into consideration. This analysis showed a significant increase in DMRT1-

/H3K27me3+ GCNIS cells when compared to DMRT1- /H3K27me3- GCNIS cells from 

adults with pre-invasive disease (15.6% v 84.4%; n=4, p<0.05), and a similar 

distribution was observed in GCNIS from seminoma patients (15.6% v 84.4%, n=3, 

p<0.05). Such a difference was not observed in GCNIS from non-seminoma patients 

where DMRT1-/H3K27me3+ comprised 30.4% and DMRT1-/H3K27me3-  comprised 

69.6% (App. IV, B). 
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4.5.5. Proliferation of GCNIS cells (OCT4+) in relation to H3K27me3 

expression 

The proliferation (Ki67 staining) of GCNIS (OCT4+) was then assessed using analysis 

of immunofluorescent staining, in relation to H3K27me3 expression. Ki67 was 

observed in GCNIS cells in a heterogeneous fashion for both H3K27me3+ and 

H3K27me3- GCNIS cells (Fig. 4.16).  

 
Figure 4.16. H3K27me3, OCT4 and Ki67 expression in GCNIS from patients with pre-invasive and invasive 
TGCC. (A) 34-year-old patient with pre-invasive TGCC, (B) GCNIS from a seminoma and a (C) non-
seminoma patient. white arrows – H3K27me3-/Ki67+, yellow arrows – H3K27me3+/ki67+, Dashed lines 
represent the periphery of the tubules, scale bars – 50 µm. 
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From this immunofluorescence, quantification was performed demonstrating that 

there was no significant difference in the proportion of proliferating cells between the 

H3K27me3+ and H3K27me3-  GCNIS cells (26 v 24%; Fig. 4.17, A).   

This H3K27me3+ and H3K27me3- GCNIS cells proliferation data was further analysed 

taking into consideration stage of TGCC development. No significant differences 

were observed in the proportion of proliferating H3K27me3+ GCNIS cells and 

H3K27me3- GCNIS cells in relation to stage of disease.  For H3K27me3+ cells, 21%, 

42% and 18.5% were proliferating in patients with pre-invasive disease, seminoma 

patients and non-seminoma patients respectively, whereas the percentage of 

proliferating H3K27me3- GCNIS cells was 33%, 26% and 10% for patients with pre-

invasive TGCC, seminoma and non-seminoma respectively (Fig. 4.17, B). 

 

Figure 4.17. Distribution of H3K27me3+ and H3K27me3- GCNIS cells. (A) Percentage of proliferating 
H3K27me3+ and H3K27me3-  GCNIS cells (n=11 patients). (B) Percentage of proliferating H3K27me3+ 
and H3K27me3- GCNIS cells from adult patients with pre-invasive disease (n=5), seminoma (n=3) and 
non-seminoma (n=3). Data analysed by (A) paired t-test and (B) one-way ANOVA followed by Tukey’s 
post hoc test, both analyses were performed on arcsine transformed data (y=arcsin(y)), means ±SEM. 
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4.5.6. Characterization of H3K4me3 in normal and TGCC testis 

 

4.5.6.1. Distribution of H3K4me3 in human fetal testis germ cells 

A permissive histone methylation marker (H3K4me3) was also studied in human 

fetal testis and GCNIS from patients with pre-invasive and invasive disease. This 

experiment demonstrated that gonocytes (OCT4+/MAGE-A4-) and differentiating 

gonocytes (OCT4+/MAGE-A4+) do not express H3K4me3 whilst prespermatogonia 

(OCT4-/MAGE-A4+) do express H3K4me3 (Fig. 4.18).  

 
Figure 4.18. H3K4me3, OCT4 and MAGE-A4 expression in human fetal testis. White arrows – 
OCT4+/MAGE-A4-, pink arrows – OCT4+/MAGE-A4+ and yellow arrows – OCT4-/MAGE-A4+. Dashed lines 
represent the periphery of the tubules, scale bars – 50 µm. 
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4.5.6.2. Distribution of H3K4me3 in GCNIS from patients with pre-

invasive and invasive disease 

H3K4me3 expression was then investigated in GCNIS from adult patients with pre-

invasive TGCC, seminoma and non-seminoma TGCC and demonstrated a 

heterogeneous expression of H3K4me3 within the MAGEA4- and MAGEA4+ 

populations of GCNIS cells (Fig. 4.19). 

 
Figure 4.19. H3K4me3, OCT4 and MAGE-A4 expression in GCNIS from patients with pre-invasive and 
invasive TGCC.  (A) adult patients with pre-invasive TGCC, (B) GCNIS from a seminoma patient and (C) 
GCNIS from a non-seminoma patient, white arrows – MAGE-A4-/H3K4me3+ GCNIS cell, red arrows – 
MAGE-A4-/H3K4me3- GCNIS cell, yellow arrows – MAGE-A4+/H3K4me3+ GCNIS cell and purple arrows – 
MAGE-A4+ /H3K4me3- GCNIS cell. Dashed lines represent the periphery of the tubules, scale bars – 50 
µm. 
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4.5.6.3. Quantification of H3K4me3 expression in MAGE-A4+ and 

MAGE-A4- GCNIS cells  

From the immunofluorescence described above, H3K4me3 expression in MAGE-A4+ 

and MAGE-A4- GCNIS cells was quantified. This demonstrated that there was no 

difference in H3K4me3 expression in MAGE-A4+ (85%) compared with MAGE-A4- 

(83.4%) GCNIS cells (Fig. 4.20). 

 
Figure 4.20. Distribution of H3K4me3 expression in MAGE-A4+ and MAGE-A4- GCNIS cells. Data analysed 
by paired t-test on arcsin transformed data (y=arcsin(y)), n=10, mean ±SEM. 
 

H3K4me3 distribution in MAGE-A4+ GCNIS cells was also analysed by stage of 

disease. This analysis showed the population of MAGE-A4+/H3K4me3+ GCNIS cells 

to be significantly larger compared to MAGE-A4+/H3K4me3- GCNIS cells in adult 

patients with pre-invasive disease and non-seminoma patients (App. V, A).  

The same result was observed in MAGE-A4- GCNIS cells where there were 

significantly more MAGE-A4-/H3K4me3+ GCNIS cells compared to MAGE-A4-

/H3K4me3- GCNIS cells in adult patients with pre-invasive disease and non- 

seminoma patients (App. V, B).  

These results suggest that the majority of GCNIS express H3K4me3 and that MAGE-

A4 expression is independent of HK4me3 expression. 
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4.5. Discussion  

DMRT1 is expressed in a subpopulation of GCNIS but does not 

appear to play a role in the proliferation of such cells 

DMRT1 has been reported to be expressed in a subpopulation of GCNIS (Jørgensen 

et al., 2013), where it has been proposed to indicate a defective mitosis-meiosis switch 

in GCNIS. A down-regulation of DMRT1 expression in post-pubertal GCNIS 

compared to pre-pubertal GCNIS was observed, and DMRT1 expression was not 

detected in GCNIS from patients with invasive disease (Jørgensen et al., 2013). In 

Jørgensen et al. (2013), PLAP was used as a marker for GCNIS, which increases in 

expression as GCNIS progress to tumour formation, as previously shown in the 

present study (Chapter 3, 3.4.2.7). Furthermore, not all GCNIS cells expressed PLAP 

in childhood patients with pre-invasive disease (61%), adult patients with pre-

invasive disease (52.7%), seminoma (11%) and non-seminoma patients (15.8%). These 

findings suggest that by using PLAP as a sole marker for GCNIS the quantification 

performed by Jørgensen et al. (2013), might have missed a large subpopulation of 

GCNIS cells in their analysis.   

In contrast to Jørgensen and colleagues (2013), DMRT1 expression was observed in 

GCNIS from patients with invasive disease. Additionally, no significant difference 

was observed between stages of TGCC disease in terms of the percentage of DMRT1+ 

GCNIS cells using OCT4 as the GCNIS identifier (App. II).  Therefore, it was 

concluded that DMRT1 expression is not playing a role in TGCC progression. 

In addition to the lack of a change in DMRT1 expression based on disease stage, there 

was no difference in the proliferation rate of the DMRT1- and DMRT1+ GCNIS cells 

according to stage of TGCC disease, which suggests that DMRT1 does not play a role 

in GCNIS invasiveness (Fig. 4.7).  

 



Chapter 4 Mitosis-meiosis switch and methylation 189 
                           in GCNIS populations in relation to invasiveness  
 

The Methylation status of GCNIS and its potential role in cell 

proliferation.  

In this chapter, the methyltransferase EZH2, and the repressive histone modification 

that it catalyses was studied in germ cells of the human fetal testis, and also in GCNIS 

from patients with pre-invasive and invasive disease. A permissive histone 

methylation (H3K4me3) was also characterized in these samples.  

A summary of the expression of components of the methylation machinery in MAGE-

A4+ and MAGE-A4- GCNIS cells can be seen in Table 4.1. 

Table 4.1. EZH2, H3K27me3 and H3K4me3 expression in human fetal germ cells and 

GCNIS cells. 

Cell type EZH2 H3K27me3 H3K4me3 
gonocytes (OCT4+/MAGE-A4-) +++ +/- - 

differentiating gonocyte  
(OCT4+/MAGE-A4+) 

 +++ 
 

+/-  +  

prespermatogonia (OCT4-/MAGE-A4+) +++ + + 

 MAGE-A4+ GCNIS* +++ +++/-- (63%) ++++/- (85%) 

 MAGE-A4- GCNIS* +++ +/----(20%) ++++/- (83%) 

*H3K27me3 and H3K4me3 expression in GCNIS (OCT4+) were quantified and one (+) or 
(-) corresponds to 20% of cells. Number in brackets represents the percentage of positive 
cells. 

 

The exploration of histone modifications and their originators in testicular germ cells 

cancer and GCNIS was prompted by two studies. Firstly, Hinz and colleagues (2010), 

demonstrated by mRNA data that EZH2 expression is reduced in samples with 

disrupted spermatogenesis compared to samples with normal spermatogenesis (Hinz 

et al., 2010). However, in their study, there was no mention of H3K27me3, and histone 

modification catalysed by EZH2, furthermore they did not show any association with 

markers of GCNIS presence such as OCT4, nor with cell proliferation or stage of 

disease. Equally important is that it was mRNA data with no mention of protein 

expression or cellular localization of EZH2. 
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The second study described the expression of histone 3 methylation (H3K27me3, 

H3K4me3 and H3K9me2) and acetylation (H3K9) in GCNIS and concluded that 

GCNIS displayed similar chromatin modifications to immature fetal germ cells with 

low repressive histone modifications and high permissive histone modification, 

specifically in the gonocytes, the putative cell of origin of GCNIS (Almstrup et al., 

2010). Our results agree in part with Almstrup and colleagues (2010) study as can be 

observed in Table 4.1 showing that repressive histone modifications (H3K27me3) are 

heterogeneously expressed in gonocytes and GCNIS, whilst in contrast with 

Almstrup and colleagues (2010), permissive histone modifications (H3K4me3) were 

absent in gonocytes but highly expressed in GCNIS. This suggests a potential role for 

H3K4me3 expression in the origins of GCNIS but as yet it has not been demonstrated 

that H3K4me3 is playing a role in GCNIS invasiveness. 

 

EZH2 was abundantly expressed in the nuclei of human fetal germ cells and GCNIS 

in both MAGE-A4+ and MAGE-A4- phenotypes (Fig. 4.8 and 4.9). This might begin to 

clarify why Hinz et al., (2010) detected a down-regulation of EZH2 expression in 

tubules with disrupted spermatogenesis. Given that EZH2 was expressed in all germ 

cells, and Hinz et al. (2010) studied tubules with disrupted spermatogenesis and 

GCNIS-containing tubules, which have less germ cells than those with full 

spermatogenesis. Furthermore, in TGCC samples, testicular dysgenesis areas might 

be present, which also reduce germ cell number (Skakkebaek, et al., 2001).  

 

H3K27me3 was expressed in a subset of fetal germ cells some of them with abundant 

expression with no apparent association with gonocytes, transitioning gonocytes nor 

prespermatogonia. H3K27me3 was expressed in a significantly smaller proportion of 

MAGE-A4+ compared to MAGE-A4- GCNIS cells (1.1 v 11.7%; p<0.01; Fig. 4.13). This 

could indicate that in some of the GCNIS, H3K27me3 could be repressing MAGE-A4 

expression. Further studies should be performed to study H3K27me3 and MAGE-A4 

interaction using chromatin immunoprecipitation or H3K27me3 inhibitors such as 
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GSK126, which has been reported to inhibit H3K27me3 independently of EZH2 in 

human iPSC cells (Rao et al., 2015).  

 

H3K27me3 expression was also studied in DMRT1+ and DMRT1-  GCNIS, and this 

revealed that H3K27me3 is expressed in a large proportion of DMRT1+ GCNIS (63%) 

in contrast to our findings for H3K27me3 expression in MAGE-A4+ GCNIS. This 

suggests that it is unlikely that H3K27me3 acts to repress DMRT1 in GCNIS cells. 

Furthermore, there was no difference in the percentage of DMRT1+/H3K27me3+ 

GCNIS cells across different stages of disease (App. 4), once again indicating that 

DMRT1 does not play a role in TGCC development.  

 

The work presented here shows that there was no difference in the proliferation rate 

of H3K27me3+ and H3K27me3- GCNIS cells, suggesting that H3K27me3 expression 

does not play a role in TGCC invasiveness. However, methylation proteins could be 

studied in relation to other hallmarks of cancer in GCNIS cells (i.e. apoptosis, 

angiogenic factors and tumour suppressor status).  

 

H3K4me3 expression was studied using the same approach as for H3K27me3. 

Interestingly H3K4me3 was absent from gonocytes (OCT4+/MAGE-A4-) and 

differentiating gonocytes (OCT4+/MAGE-A4+) whilst prespermatogonia (OCT4-

/MAGE-A4+) expressed H3K4me3. High levels of H3K4me3 have previously been 

observed in a subset of fetal germ cells (Almstrup et al., 2010); the present study 

identifies the population of fetal germ cells which express H3K4me3, which is the 

prespermatogonia. In GCNIS, a high proportion of cells expressed H3K4me3 in both 

MAGE-A4+ and MAGE-A4- GCNIS cell populations (85% v 83.4%; Fig. 4.20). 

However, no association between H3K4me3 expression in MAGE-A4+ and MAGE-

A4- GCNIS cells and progression of TGCC was observed.  
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4.6. Conclusions 

The present study has demonstrated that DMRT1 is expressed in a subset of GCNIS 

but it’s expression is not associated with GCNIS proliferation or disease progression 

in any obvious straightforward way.   

EZH2 has been characterized in human fetal testis germ cells and GCNIS and found 

to be expressed in all germ cells and Sertoli cells; it remains to be seen whether it plays 

a role in TGCC development. The present study provides an explanation for the 

finding of a decrease in EZH2 associated with TGCC progression in other studies. 

This is likely due to the reduction in germ cell number in the samples with GCNIS 

containing tubules which lack normal germ cells compared to samples with normal 

spermatogenesis. 

H3K27me3 is heterogeneously expressed in fetal germ cells, with no association with 

gonocytes and prespermatogonia. In GCNIS cells H3K27me3 expression was 

associated with MAGE-A4- GCNIS cells suggesting a possible role for H3K27me3 in 

MAGE-A4 repression. Further studies should be performed to investigate the 

potential role of H3K27me3 in MAGE-A4 repression such as chromatin 

immunoprecipitation. 

The fetal germ cell expressing H3K4me3 is the prespermatogonia, whereas this 

histone modification protein was absent from the precursor of GCNIS, the gonocyte 

and differentiating gonocytes. In contrast with the gonocyte, a high proportion (84%) 

of GCNIS cells expressed H3K4me3, suggesting a potential role for H3K4me3 

expression in the origin of GCNIS. Finally, the present study also demonstrated that 

H3K4me3 does not play an obvious role in TGCC progression.  
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5. Sertoli cell maturation and its association with TGCC 

progression 

 

5.1. Introduction 

Sertoli cell (SC) maturation has been implicated in the pathogenesis of testicular germ 

cell  cancer  in  several  studies  (Skakkebaek,  1998;  Sharpe,  et  al.,  2003;  Sharpe  & 

Skakkebaek, 2008; Skakkebaek et al., 2016). In these studies, it was determined that 

some SCs remain immature in GCNIS‐containing tubules of tissue taken from TGCC 

patients. However, no association has yet been shown between SC maturation and 

TGCC progression. 

AMH (E Rajpert‐De Meyts et al., 1999), desmin (Rogatsch et al., 1996), cytokeratin 18 

(Cupp & Skinner, 2005) and M2A (Sonne et al., 2006) are amongst the proteins that 

have  been  used  to  indicate  SC  development  status  during  human  fetal  testis 

development (Fig. 1.7). Such markers have also been studied in Sertoli cells of GCNIS‐

containing  tubules such as cytokeratin 8, 18, 19  (Rogatsch et al., 1996; Nistal et al., 

2006), M2A  (Sonne  et  al.,  2006),  cytochrome  p450  aromatase  (Rago  et  al.,  2005), 

desmin and vimentin (Rogatsch et al., 1996) A summary of the protein expression of  

Sertoli cell maturation markers in GCNIS‐containing tubules can be seen in Table 5.1.  

Table 5.1. Sertoli cell maturation markers studied in TGCC. 

Marker  Sertoli cells  n  Reference 

P450 aromatase  +  20  (Rago et al., 2005) 

cytokeratin 8, 18 and 19  +  53  (Nistal et al., 2006) 

cytokeratin 8 and 18  +  47  (Rogatsch et al., 1996) 

M2A  NS  14  (Sonne et al., 2006) 

vimentin  +  47  (Rogatsch et al ., 1996) 

desmin  +  47  (Rogatsch et al., 1996) 

NS – not shown 
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Immature SCs have been observed  in other pathologies  including Sertoli cell only 

(SCO) tubules, where the SCs in this pathology express AMH, Cytokeratin 18, M2A 

and Androgen receptor (AR; Maymon, 2000; Maymon et al., 2002; Loukil et al., 2005; 

Sonne et al., 2006),  indicating that Sertoli cells are partially differentiated  in Sertoli 

cell only tubules given that they express proteins which are indicative of immature 

(i.e.  cytokeratin)  and  mature  (i.e.  AR)  Sertoli  cells.  Persistence  of  high  AMH 

expression or high concentrations of AMH in the blood have also been shown to occur 

in  hypogonadotrophic  hypogonadism  (Young  et  al.,  1999),  and  children  with 

complete androgen insensitivity syndrome (CAIS; Rey et al., 1994). An absence of AR 

expression has been implicated as causative factor for the failure of SCs maturation, 

however it has not been fully elucidated whether the lack of AR is due to persistent 

expression of AMH or if AMH persists due to an absence of AR expression (Sharpe 

et al., 2003). 

Preliminary characterisation of SCs in GCNIS has been published (Skakkebaek, 1998; 

Sharpe, et al., 2003; Sharpe & Skakkebaek, 2008; Skakkebaek et al., 2016) and it has 

been shown that SCs within GCNIS tubules are heterogeneously expressing proteins 

indicative  of  immature  SCs.  However,  no  study  has  investigated  potential 

associations between the heterogeneous expression of proteins  indicative of Sertoli 

cell maturation and TGCC progression.  

 

5.2. Hypothesis 

A  lack  of  Sertoli  cell maturation  in GCNIS‐containing  tubules  is  associated with 

progression of GCNIS to TGCC.  

 

5.3. Chapter aims 

Characterisation of proteins indicative of Sertoli cell maturation in the human fetal 

testis and GCNIS‐containing  tubules  from patients with pre‐invasive and  invasive 

TGCC with  the  purpose  of  determining whether  there  are  associations  between 

Sertoli cell maturation status and TGCC progression.  



Chapter 5                  Sertoli cell maturation and its association with   195 

TGCC progression 

     

 

 

5.4. Materials and Methods 

5.4.1. Human fetal testicular tissue 

Human  fetal  testicular  tissue  (n=38) was  obtained  as  described  on  section  2.1.1. 

Dissection,  sex determination  and  age  assessment was performed  as described  in 

section 2.1.2.  

5.4.2. Normal adult testis 

Normal adult testis (n=9) was obtained as described in section 2.1.3. Details of this 

tissue are described in Table 2.1. 

5.4.3. Human testicular pre-invasive and invasive testicular germ cell 

cancer tissue 

Human testicular cancer tissue (n=46) was obtained as described in section 2.1.4 and 

2.1.5, details of these tissues can be seen in Tables 2.2 and 2.3 respectively. 

5.4.4. Immunohistochemistry 

Immunohistochemistry  for  cytokeratin,  vimentin,  AMH  and  Fibronectin  was 

performed as described in section 2.4, the primary antibodies dilution as described in 

Table 2.5 and secondary antibody dilution as described in Table 2.6. 

5.4.5. Immunofluorescence 

Immunofluorescence for cytokeratin, androgen receptor, OCT4, PLAP, SOX9, desmin 

and  MAGE‐A4  was  performed  as  described  in  section  2.5.  Primary  antibodies 

dilution as described  in Table 2.5 and secondary antibody dilution as described  in 

Table 2.6. 

5.4.6. Image capture  

Images were captured as described in section 2.6. 
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5.5. Results 

The purpose of  this  research was  to  find associations between Sertoli  cell protein 

expression indicative of Sertoli cell maturation and GCNIS progression into TGCC. 

In order to investigate this, the expression of several proteins that are linked to Sertoli 

cell maturation were determined and  their expression  in normal human  fetal and 

adult testis and TGCC tissue was profiled.  

5.5.1. Fibronectin expression as a marker of TGCC progression 

Fibronectin  has been reported to accumulate in Sertoli cells as they polarize (Cupp & 

Skinner, 2005). Sertoli cell polarization is essential for the formation of the blood testis 

barrier (BTB), which in turn confers spermatids with polarity. The BTB divides the 

seminiferous  tubules  into  the  apical  and  basal  compartments,  producing with  a 

privileged  microenvironment  for  the  developing  post‐meiotic  germ  cells  where 

access  of  drugs,  environmental  toxicants,  and  ions  is  restricted  (Li  et  al.,  2016).  

Fibronectin  is  a  component  of  the  extracellular matrix which  has  been  shown  to 

regulate Sertoli cell differentiation and maturation (Hadley et al., 1985; Mackay et al., 

1999). Fibronectin expression in the normal and TGCC testis, was characterized and 

the association between Fibronectin and TGCC progression determined.  

5.5.1.1. Fibronectin expression in human normal fetal and adult testis 

tissue sections 

Immunohistochemical analysis showed that fibronectin was expressed during human 

fetal  testes  development  from  14  ‐19  weeks  of  gestation  (Fig.  5.1).  Fibronectin 

expression  was  present  in  a  small  population  of  Sertoli  cells  until  17  weeks  of 

gestation  (Black arrows; Fig. 5.1).    In comparison  fibronectin expression  in normal 

adult testis was not observed in Sertoli cells (Fig. 5.2) 
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Figure 5.1. Fibronectin (brown) expression in human fetal testis. black arrow – Fibronectin expressing 
Sertoli cells, w‐week of fetal development, scale bars – 50µm. 

 

 
Figure  5.2.  Fibronectin  (brown)  expression  in  normal  adult  testis.  (A)  20x  magnification,  (B)  40x 
magnification, scale bars – 50µm. 
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5.5.1.2. Fibronectin expression in GCNIS-containing tubules from 

patients with pre-invasive and invasive TGCC 

In  order  to determine  the  relationship  between  SC maturation  and  fibronectin  in 

TGCC, fibronectin expression in GCNIS‐containing tubules from patients with pre‐

invasive  disease  was  investigated.    These  results  show  that  fibronectin  is  not 

expressed  in Sertoli cells within GCNIS‐containing tubules from patients with pre‐

invasive TGCC (Fig. 5.3).  

In  comparison,  in GCNIS‐containing  tubules  from  patients with  invasive  TGCC, 

fibronectin was heterogeneously observed in GCNIS cells and Sertoli cells (Fig. 5.4). 

Fibronectin  was  not  observed  in  Sertoli  cells  within  the  tubules  with  active 

spermatogenesis from patients with invasive TGCC (Fig. 5.4).  

 
Figure 5.3. Fibronectin (brown) expression in GCNIS‐containing tubules from patients with pre‐invasive 
TGCC. (A)  4 months of age patient, (B) 1 year of age patient, (C) 12 years of age patient and (D) 26 years 
of age patient. Scale bars – 50µm. 
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Figure 5.4.  Fibronectin (brown) expression in tubules with active spermatogenesis and GCNIS‐containing 
tubules from patients with invasive TGCC. (A and C) seminoma and (B and D) non‐seminoma patients. 
Scale bars – 50µm. 

 

Initially fibronectin was investigated as a protein indicative of Sertoli cell maturation, 

however, when fibronectin expression was observed in GCNIS cells (Fig. 5.4) from 

patients with invasive TGCC it was then hypothesized that fibronectin expression in 

GCNIS could be associated with tumour progression. In order to test this hypothesis 

and  determine  whether  fibronectin  was  expressed  in  tumour  cells,  fibronectin 

expression in seminoma tumours was characterized.   
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5.5.1.3. Fibronectin as a marker for testicular germ cell tumours 

The  observation  of  heterogeneous  expression  of  fibronectin  in GCNIS  cells  from 

patients with invasive TGCC, led to further investigation of fibronectin expression in 

tumours cells. These results show  that  fibronectin  is heterogeneously expressed  in 

tumour cells (Fig 5.5). 

 
Figure 5.5. Fibronectin (brown) expression in seminoma tumours. Scale bars – 50µm. 

 

Fibronectin was not expressed in GCNIS cells from patients with pre‐invasive TGCC 

but heterogeneously expressed in GCNIS cells from patients with invasive TGCC and 

seminoma tumour cells. 

These experiments demonstrate that fibronectin expression is not indicative of Sertoli 

cell maturation, but its expression in early fetal Sertoli cells could suggest a potential 

role for fibronectin in fetal Sertoli cell differentiation.  
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5.5.2. Vimentin distribution as a marker of TGCC progression 

Vimentin  expression  has  been  observed  in  Sertoli  cells  at  all  stages  of  human 

development (Aumüller et al., 1988; Rogatsch et al., 1996). It has also been reported 

to be expressed  in GCNIS‐containing tubules from TGCC patients (Rogatsch et al., 

1996). However, there has been no systematic study of testis development from fetal 

life  through  to  adulthood.  Furthermore,  there  has  been  no  study  of  vimentin 

expression  or  distribution  in  GCNIS‐containing  tubules  from  patients  with  pre‐

invasive and invasive disease for comparative purposes.  

Vimentin expression has been previously used to determine Sertoli cell morphology 

during differentiation, where it has been demonstrated that vimentin configuration 

plays  an  important  role  in  Sertoli  cell  adaptation  to  different microenvironments 

(Aumüller et al., 1988). Therefore, the aim was to characterize vimentin distribution 

in  Sertoli  cells  and  assess whether  this  could  be  useful  to  determine  Sertoli  cell 

maturation. Another aim was  to determine vimentin distribution  in Sertoli cells  in 

GCNIS‐containing  tubules  from patients with pre‐invasive  and  invasive TGCC  in 

order  to  determine  whether  vimentin  distribution  changed  with  progression  of 

disease.  

 

5.5.2.1. Vimentin expression in normal human testis sections 

Immunohistochemistry for vimentin was performed on both fetal and adult human 

testis. As expected vimentin was expressed during human fetal testis development 

from 11 to 19 weeks. A columnar expression of vimentin was observed in Sertoli cell 

cytoplasm,  surrounding  the  germ  cells.  Vimentin  expression  was  maintained 

throughout the gestational period studied (Fig. 5.6). In comparison, in normal adult 

testis  sections,  vimentin  was  observed  in  the  cytoplasm  of  Sertoli  cells  with  a 

columnar  distribution  where  vimentin  expression  extended  from  the  basement 

membrane towards the spermatocytes and spermatids in the adluminal compartment 

(Fig. 5.7). 
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Figure 5.6. Vimentin (brown) expression in human fetal testis. w – week of fetal development, neg. – no 
primary antibody control, scale bars – 50µm. 

 

 
Figure  5.7.  Vimentin  (brown)  expression  in  normal  adult  testis.  Images  at  (A,  C)  20x  and  (B,  D)  40x 
magnification. Scale bars – 50µm 
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5.5.2.2. Vimentin expression in GCNIS-containing tubules from adult 

patients with pre-invasive and invasive TGCC 

To determine the potential role of vimentin in the progression of TGCC, its expression 

in Sertoli cells of GCNIS‐containing tubules and tubules with active spermatogenesis 

in testis from adult patients with pre‐invasive and invasive TGCC was assessed by 

immunohistochemistry. Vimentin expression was observed in the Sertoli cells of both 

GCNIS‐containing  tubules  and  tubules with  active  spermatogenesis  in  testis  from 

patients with pre‐invasive TGCC (Fig. 5.8).  

Compared to fetal Sertoli cells, a change in vimentin localization from the basement 

membrane  to  the  adluminal  compartment was observed  in Sertoli  cell of GCNIS‐

containing  tubules  from patients with pre‐invasive TGCC  (Fig.  5.8).   This  is most 

likely a result of Sertoli cell displacement  toward  the adluminal compartment,  the 

immature morphology of Sertoli cells and disrupted spermatogenesis.  

Furthermore,  the  distribution  of  vimentin  in  GCNIS‐containing  tubules  was 

disorganized  and  its  expression  did  not  display  a  columnar  distribution  when 

compared to tubules with active spermatogenesis in the same tissue (Fig 5.3, red and 

black arrows).  

Immunohistochemistry  was  also  performed  in  GCNIS‐containing  tubules  from 

patients with  invasive  TGCC. Vimentin was  expressed  in  Sertoli  cells  of GCNIS‐

containing tubules and tubules with active spermatogenesis in testes from seminoma 

and  non‐seminoma  patients  (Fig  5.9).  The  same  pattern  of  vimentin  distribution 

observed  in GCNIS‐containing  tubules  from patients with pre‐invasive TGCC was 

observed in those of patients with invasive TGCC. In GCNIS‐containing tubules from 

patients with invasive TGCC vimentin was observed in the adluminal compartment 

of  the  tubules and disorganized compared  to  tubules with active spermatogenesis 

(Fig. 5.9).  
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Figure  5.8.  Vimentin  (brown)  expression  in  GCNIS‐containing  tubules  and  tubules  with  active 
spermatogenesis (AS) from patients with pre‐invasive TGCC. (A and B) 17 years of age (y), (C) 34y, and 
(D) 26y, red arrow – Sertoli cells expressing vimentin in AS tubules, black arrow – Sertoli cells expressing 
vimentin in GCNIS, A and C – 20X magnification, B and D – 40X magnification, scale bars – 50µm. 
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Figure  5.9.  Vimentin  (brown)  expression  in  GCNIS  cells  containing  tubules  and  tubules  with  active 
spermatogenesis from patients with  invasive TGCC. Red arrow – vimentin distribution  in Sertoli cells, 
Scale bars – 50µm. 

 

These studies have demonstrated that vimentin expression in Sertoli cells was always 

present and there was no association between vimentin expression in the Sertoli cells 

of GCNIS‐containing  tubules  from patients with pre‐invasive and  invasive TGCC. 

The change in the distribution of vimentin could be due to Sertoli cells displacement 

towards  the  adluminal  compartment,  the  immature  SC  morphology  and  the 

disruption of spermatogenesis. 
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5.5.3. Desmin expression as a potential marker for TGCC 

Desmin expression was previously reported to be expressed in fetal Sertoli cells up to 

14 weeks of development (Rogatsch et al., 1996). Desmin has also been detected  in 

GCNIS‐containing  tubules, however no  study has  investigated desmin  expression 

and its association with TGCC progression. Immunofluorescence was performed to 

examine possible associations between desmin expression and TGCC progression. 

These experiments were performed on  tissue samples from normal fetal and adult 

testis and GCNIS‐containing  tubules  from patients with pre‐invasive and  invasive 

TGCC.  

 

5.5.3.1. Desmin and SOX9 expression in normal testes tissue sections 

Double  immunofluorescence  for  desmin  and  SOX9  (Sertoli  cell  marker)  was 

performed on both fetal and adult human testes sections.  As expected, desmin was 

expressed up to 16 weeks of gestation whereas SOX9 was expressed in Sertoli cells at 

all stages of life (Fig. 5.10). In comparison, desmin was not observed in Sertoli cells of 

normal  adult  testes  (Fig.  5.11).  These  findings  are  consistent with what  has  been 

previously reported (Rogatsch et al., 1996; de Miguel et al., 1997).  
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Figure 5.10. Desmin and SOX9 expression in human fetal testis. w – week of development, white arrows 
– desmin+/SOx9+ Sertoli cells, dashed lines represent the periphery of the tubules, scale bars – 50µm. 

 

 
Figure 5.11. Desmin and SOX9 expression  in normal adult  testis.  (A) Normal adult  testis,  (B) 14 week 
human fetal testis Desmin and SOX9 positive control with its no primary antibody control as inset. Scale 
bars – 50µm. 

 

 



Chapter 5                  Sertoli cell maturation and its association with   208 

TGCC progression 

     

 

 

5.5.3.2. Desmin and SOX9 expression in GCNIS-containing tubules from 

patients with pre-invasive and invasive TGCC  

It has been considered that the presence of desmin in Sertoli cells might be involved 

in  the  pathogenesis  of  TGCC  by  causing  an  impairment  of  spermatogenesis  that 

ultimately leads to an increase in GCNIS cells in seminiferous tubules (Rogatsch et 

al., 1996; Kliesch et al., 1998). Furthermore, expression of desmin in GCNIS may be 

due to the Sertoli cells undergoing a dedifferentiation process (Rogatsch et al., 1996; 

Kliesch et al., 1998). However, none of these studies have investigated the potential 

role  that desmin might be playing  in TGCC progression, or  its potential use  as  a 

marker of GCNIS presence.  

In order to assess the role of desmin expression and TGCC progression, desmin and 

SOX9  expression  in  SCs  of GCNIS  from  patients with  pre‐invasive  and  invasive 

TGCC  using  immunofluorescence  was  examined.  Examination  of  the  double  IF 

stained  tissue  showed  that  desmin  was  heterogeneously  present  in  Sertoli  cells 

contained within GCNIS tubules from both pre‐invasive and invasive TGCC tissue 

samples  (Fig. 5.12, A‐C).  In comparison, desmin was not observed  in  tubules with 

active spermatogenesis (Fig. 5.12, D‐F).  
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Figure  5.12.  Desmin  and  SOX9  expression  in  GCNIS‐containing  tubules  and  tubules  with  active 
spermatogenesis from patients with pre‐invasive and invasive TGCC. DAPI was used as a counterstain, 
scale bars – 50µm. 

 

Given  that desmin protein was observed  in Sertoli  cells within GCNIS‐containing 

tubules in both pre‐invasive and invasive TGCC tissue, this suggested that desmin is 

not playing  a  role  in GCNIS  activation or  invasion  and ultimately progression  to 

TGCC. However, desmin was only detected in GCNIS‐containing tubules, suggesting 

that desmin could be used as a marker for the presence of GCNIS.  

 

 

 

 

 



Chapter 5                  Sertoli cell maturation and its association with   210 

TGCC progression 

     

 

 

5.5.4. Cytokeratin as a potential marker for TGCC progression 

Cytokeratin  8,  18  and  19  were  previously  reported  as   markers  for  Sertoli  cell 

maturation (Rogatsch et al., 1996; Steger et al., 1996; Nistal et al., 2006). In order to 

investigate the association between cytokeratin expression and TGCC progression, a 

characterization of cytokeratin expression  in human fetal testis, normal adult testis 

and GCNIS‐containing tubules from patients with pre‐invasive and invasive TGCC 

was performed.  

 

5.5.4.1. Cytokeratin expression in normal human fetal and adult testis 

tissue sections.  

Immunohistochemistry for cytokeratin was performed on both fetal and adult human 

testis  sections. As expected,  in  the  fetal  tissue,  cytokeratin was  clearly  seen  in  the 

cytoplasm of SCs from 9 to 20 weeks of development (Fig. 5.13). In comparison when 

immunostaining was carried out  in normal adult  testis  tissue sections, cytokeratin 

was not detected in seminiferous tubules with active spermatogenesis. These findings 

are consistent with what has been previously reported (Fig. 5.14).  

 
Figure 5.13. Cytokeratin (brown) expression in human fetal testis. w – week of development, Neg. – no 
primary antibody control, scale bars – 50µm. 
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Figure 5.14. Cytokeratin (brown) expression in normal adult testis. (A and B) normal adult testis, (C) fetal 
testis positive control, (D) fetal testis no primary antibody controls, (B) normal adult testis no primary 
antibody control, scale bars – 50µm. 

 

5.5.4.2. Cytokeratin expression in GCNIS-containing tubules from adult 

patients with pre-invasive and invasive TGCC 

It has been considered that poor gonadal development and testicular neoplasia are 

etiologically linked and this is supported by studies where dysgenetic features such 

as seminiferous tubules with immature Sertoli cells, are often seen in association with 

TGCC  (Rajpert‐De Meyts  et  al.,  2000).  To  assess  this  hypothesis,  the  presence  of 

Cytokeratin positive SCs in GCNIS‐containing tubules from adult patients with either 

pre‐invasive (Fig. 5.15) or invasive TGCC (Fig. 5.16) was examined. Analysis of this 

tissue showed a heterogeneous presence of cytokeratin in the cytoplasm of the Sertoli 

cells. It was also evident that as observed in normal human adult testis, in patients 

with invasive TGCC, cytokeratin was absent in Sertoli cells from tubules with active 

spermatogenesis.  
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Figure 5.15. Cytokeratin (brown) expression in GCNIS‐containing tubules from adult patients with pre‐
invasive TGCC. (A and B) 26 and (C) 34 years of age patients. Scale bars – 50µm. 

 

 
Figure  5.16.  Cytokeratin  (brown)  expression  in    GCNIS‐containing  tubules  and  tubules  with  active 
spermatogenesis  from patients with  invasive TGCC.  (A and C)  seminoma patient  and  (B  and D) non‐
seminoma patient where cytokeratin (C and D) positive and  (E and F)negative tubules can be observed. 
Scale bars – 50µm 
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5.5.4.3. Is Cytokeratin a marker for TGCC disease progression?  

The  heterogeneous  expression  of  the  cytokeratin  protein  in  GCNIS‐containing 

tubules of patients with pre‐invasive and invasive TGCC indicate that SC maturation 

may  play  a  role  in  TGCC  progression  or  perhaps  be  a  useful marker  for  TGCC 

progression. To further profile the persistence of immature Sertoli cells within GCNIS 

tubules a triple IF was carried out on several types of human testis tissue. Samples 

included  fetal  and  adult  human  testis,  testis  tissue  from  TGCC  patients,  which 

included pre‐invasive and seminoma tissue from TGCC patients.   

Once again cytokeratin was used to identify the immature SCs, AR antibody was used 

as  an  indicative  protein  of mature  SCs  and OCT4  to  identify  the  gonocytes,  the 

precursor cells for GCNIS cells. OCT4 positive gonocytes and cytokeratin positive SCs 

were observed  in every  fetal sample  (n=7). Weak AR positive staining  in SCs was 

observed in tissue from fetal testis ages 15 and 18 weeks of development (Fig. 5.17).  

 
Figure 5.17. Cytokeratin, Androgen receptor and OCT4 expression  in human  fetal  testis. w – week of 
development, inset, no primary antibody control, scale bars – 50µm. 
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When the same triple immunofluorescence was carried out on tissue from childhood 

patients with pre‐invasive TGCC,  cytokeratin was  observed  in  the  Sertoli  cells of 

tubules without GCNIS  (OCT4 negative) and  in GCNIS‐containing  tubules  (OCT4 

positive).  In  contrast,  in adult patients with  invasive TGCC,  cytokeratin was only 

observed  in  Sertoli  cells  of GCNIS  cell‐containing  tubules. AR,  the  expression  of 

which is indicative of mature SCs, was observed in the interstitial compartment of all 

ages  studied  (4  months  to  28  years).  In  earlier  ages  (4  months  to  7  years)  of 

development AR was weakly observed in SCs and then prominently observed in SCs 

from  12 years of  age  and  later  (Fig.  5.18).   This normal pattern of AR  expression 

coupled with continued cytokeratin expression suggests that GCNIS cells reside in a 

partially differentiated niche in pre‐invasive TGCC (Fig. 5.18). 
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Figure  5.18.  Cytokeratin,  Androgen  receptor  and  OCT4  expression  in  GCNIS‐containing  tubules  from 
patients with pre‐invasive TGCC.  18 w – 18 week human fetal testis positive and negative (no primary 
antibody control as inset), m – months, y – year(s), scale bars – 50µm. 

 

GCNIS‐containing  tubules  are  located  proximally  and  distally  from  the  tumour. 

Given that some, but not all GCNIS tubules still express cytokeratin it could be that 

their location in relation to tumour position may determine the maturation state of 

Sertoli cells.   
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Therefore, an experiment in classical seminoma patients (n=5) was designed. Three 

samples were collected; one from distal to the tumour (‘normal tissue;’ NT), which 

was  considered  to be macroscopically normal, another  from  tissue adjacent  to  the 

tumour  (AT)  and  thirdly  a  piece  of  tumour  tissue  (TT).  NT  tissue,  although 

macroscopically normal, contained GCNIS. The purpose of  this experiment was  to 

compare expression of OCT4, AR and cytokeratin in GCNIS‐containing tubules in the 

NT and AT tissue samples from the same patient and in doing so determine whether 

or not  location of  the  tubules  in relation  to  the  tumour determined  the maturation 

state of SCs. 

Triple immunofluorescence for OCT4, AR and cytokeratin was carried out in NT and 

AT biopsies. It was observed that AR expression was present in Sertoli cells within 

GCNIS  (OCT4+)‐containing  tubules  and  also  in  the  PTM  cells  and  the  interstitial 

compartment. Cytokeratin expression  could be detected  in Sertoli  cells of GCNIS‐

containing tubules from both AT and NT biopsies. These results suggest that there is 

no association between location of GCNIS in relation to the tumour and Sertoli cell 

cytokeratin expression (Fig. 5.19). 
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Figure 5.19. Cytokeratin, Androgen receptor and OCT4 expression in GCNIS‐containing tubules away and 
near  a  classical  seminoma  tumour.  (NT)macroscopically  normal  tissue,  (AT)  tissue  adjacent  to  the 
tumour. Scale bars – 50µm. 
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In the present study, cytokeratin expression studies have shown that cytokeratin is a 

reliable protein indicative of immature Sertoli cells. Furthermore, in TGCC patients, 

cytokeratin  expression  was  only  observed  in  Sertoli  cells  of  GCNIS‐containing 

tubules, suggesting that cytokeratin expression could be a reliable protein indicative 

of the presence of GCNIS‐containing tubules.  

Cytokeratin  expression was  not  shown  to  be  associated with  TGCC  progression. 

However,  cytokeratin  expression  observed  in  Sertoli  cells  of  GCNIS‐containing 

tubules  from  childhood  patients  with  pre‐invasive  TGCC  makes  cytokeratin  a 

potential candidate for a marker of GCNIS presence as early as in childhood patients.  

 

5.5.5. Anti-Müllerian hormone (AMH) expression in the normal and TGCC 

stem germ cell niche 

AMH is reported to be expressed in human testes during fetal life until puberty (Rey 

et al., 1993; Aksglaede et al., 2010; Hero et al., 2012). However, AMH has not been 

described in GCNIS‐containing tubules, nor in tubules with active spermatogenesis 

in samples obtained from TGCC patients. Currently there are no published studies 

investigating AMH  expression  and TGCC progression,  as  it has been  shown  that 

AMH  expression  decreases  after  puberty  (Rey  et  al.,  1993;  Sharpe  et  al.,  2003; 

Aksglaede et al., 2010). 

 

5.5.5.1. AMH expression in normal human testis tissue sections  

As  expected AMH  expression was observed  in  the  cytoplasm of  fetal Sertoli  cells 

during  both  first  and  second  trimester  (Fig.  5.20).  Unexpectedly, 

immunohistochemistry  for  AMH  in  testes  from  healthy  adult men  also  showed 

expression in Sertoli cell cytoplasm in tubules with active spermatogenesis (Fig. 5.21), 

suggesting that AMH is not a good marker for immature Sertoli cells.  
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Figure 5.20. AMH (brown) expression in human fetal testis. w – week of development, Neg. – no primary 
antibody control, scale bars – 50µm. 
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Figure 5.21. AMH (brown) expression in tubules with active spermatogenesis from healthy adult men. (A‐
D) normal adult testis, (E and F) 18 week human fetal testis, scale bars – 100µm. 
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5.5.5.2. Anti-Müllerian hormone expression in patients with invasive 

TGCC  

AMH  expression was  then  investigated  in GCNIS‐containing  tubules  and  tubules 

with active spermatogenesis from patients with invasive TGCC to determine whether 

AMH was differentially expressed  in  these  two  types of  tubules.   This experiment 

was carried out on tissue from both seminoma and non‐seminoma patients. Figure 

5.22  clearly  shows  that AMH  is  present  in  Sertoli  cells within GCNIS‐containing 

tubules  from  patients  with  invasive  TGCC  (Fig.  5.22).  Furthermore,  AMH  was 

expressed  in  Sertoli  cell  cytoplasm  in  tubules with  active  spermatogenesis  from 

patients with invasive TGCC (Fig. 5.23).  
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Figure 5.22. AMH (brown) expression in GCNIS‐containing tubules from patients with invasive TGCC. (A‐
D) seminoma and (E, F) non‐seminoma diagnosed patients, (G and H) 17 week human fetal testis, scale 
bars – 50µm. 
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Figure 5.23. AMH (brown) expression in tubules with active spermatogenesis from patients with invasive 
TGCC.  (A‐D),  seminoma  patients,  same  patient  paired  to  the  right  seminoma  and  (E  and  F),  non‐
seminoma patients, same patient paired to the right. Scale bars – 50µm. 

 

These experiments show that AMH expression is not indicative of immature Sertoli 

cells as it is expressed in tubules with active spermatogenesis from healthy men and 

those of TGCC patients. Furthermore, AMH is present in GCNIS‐containing tubules 

from  patients with  pre‐invasive  and  invasive  TGCC  suggesting  that  there  is  no 

association between AMH expression and TGCC progression.  
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5.6. Discussion 

Fibronectin is not associated with immature Sertoli cells  

Fibronectin was studied because it has been suggested to be accumulated in Sertoli 

cells  as  they polarize  (Cupp &  Skinner,  2005).  Fibronectin  is  a  component  of  the 

extracellular matrix which has also been shown to regulate Sertoli cell differentiation 

and maturation (Hadley et al., 1985). However, no association was observed between 

Fibronectin expression in Sertoli cells and TGCC progression. 

 

Fibronectin is not associated with GCNIS progression to tumour 

formation 

Fibronectin  heterogeneous  expression  in  GCNIS  and  tumour  cells  suggests  that 

fibronectin is not involved in GCNIS progression into tumour formation.  

 

Intermediate filaments expression and their association with Sertoli 

cell maturation 

A number of proteins have been shown  to be expressed  in  immature Sertoli cells, 

including  intermediate  filaments such as cytokeratin, vimentin and desmin.  In  the 

present  study  the  expression  of  intermediate  filaments  in  relation  to  TGCC 

progression was analysed. 

 

Vimentin is a good marker for Sertoli cell presence and morphology 

Several studies have shown that vimentin is expressed in the human fetal testis and 

persists  in  normal  adult  testis  and  in  GCNIS‐containing  tubules    (Bergmann  & 

Kliesch, 1994; Rogatsch et al., 1996; Steger et al., 1999; Maymon, 2000; Maymon et al., 

2002),  Furthermore,  vimentin  has  been  studied  in  biopsies  from  infertile  men 

(Bergmann  &  Kliesch,  1994),  biopsies  from  azoospermic  men  (Maymon,  2000; 

Maymon et al., 2002), and in a study of cryptorchid men in testicular tissue adjacent 

to  a  tumour  (Rogatsch  et  al.,  1996);  vimentin was  present  in  all  cases. Although 

vimentin expression has been  reported  to persist  in Sertoli cells  from human  fetal 
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testes up  to adulthood,  these  results were demonstrated  in different  studies, with 

different  antibodies.  There  has  been  no  systematic  study  showing  vimentin 

expression in both human fetal testis and normal adult testis nor in TGCC tissue from 

patients  with  pre‐invasive  and  invasive  disease  using  the  same  technique  and 

antibody. Furthermore,  there has not been  any  study  showing  the distribution of 

vimentin in GCNIS‐containing tubules and tubules with active spermatogenesis from 

TGCC  patients  and  from  normal  adult  patients  for  comparative  purposes.  

Furthermore, no attempts  to study Vimentin expression and progression of TGCC 

has been performed.  

The present study coincides with what other studies have found, namely vimentin 

was expressed in the human fetal testis and maintained in normal adult testis. Sertoli 

cells from GCNIS‐containing tubules and tubules with active spermatogenesis from 

patients with pre‐invasive and invasive TGCC also expressed Vimentin.  

In  conclusion  Vimentin  expression  is  not  a  reliable  marker  for  Sertoli  cell 

differentiation, coinciding with previous studies (Aumüller et al., 1988), however it is 

a good marker  to determine  Sertoli  cell morphology.  In  the present  study  it was 

demonstrated that based on vimentin distribution the morphology of Sertoli cells is 

different  in  tubules with  active  spermatogenesis  compared  to  GCNIS‐containing 

tubules. The expression of vimentin  in Sertoli cells contained  in GCNIS‐containing 

tubules  was  towards  the  luminal  compartment  whereas  in  tubules  with  active 

spermatogenesis,  vimentin  expression was  located  near  the  basement membrane. 

Vimentin was also useful to determine that Sertoli cells from the normal adult testes 

had a  columnar morphology  that extended  to  the adluminal  compartment and  in 

contact with  the  spermatids whereas  in GCNIS‐containing  tubules, Sertoli  cell are 

surrounded by vimentin and no elongation of Sertoli cells can be observed due to the 

lack of spermatids, suggesting that although vimentin is expressed at all stages of life, 

vimentin  distribution  can  be  used  to  determine  Sertoli  cell  maturation  by 

morphology.  This  is  in  agreement  with  studies  where  vimentin  filaments 

configuration  was  studied  in  seminiferous  tubules  from  healthy  men  and 
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pathological specimens (spermatogenic arrest and SCO syndrome) where it has been 

shown that vimentin filaments analysis is useful to determine Sertoli cell morphology 

and adaptation to the varying microenvironments during spermatogenesis and under 

pathological conditions (Aumüller et al., 1988). 

 

Does desmin offer potential as a marker for GCNIS? 

It has been previously  reported, using  immunohistochemistry  that desmin  is only 

expressed  in human  fetal  testes until week  14 of gestation  (Rogatsch  et  al.,  1996).  

However,  using  immunofluorescence  it  was  demonstrated  that  desmin  can  be 

detected in Sertoli cells (determined by SOX9 expression) up to 16 weeks of gestation. 

Androgen receptor expression has been shown to be indicative of mature Sertoli cells. 

The time disparity between the down regulation of desmin expression (16 weeks of 

fetal development) and  the onset of AR expression  (~4 years of age with 2‐15% of 

Sertoli cells expressing AR) suggests that desmin is not a good marker of immature 

Sertoli cells. 

Interestingly,  although Desmin  is  downregulated  during  the  second  trimester  of 

gestation, it was shown both in my work and Rogatsch et al. (1996) that desmin can 

be detected in GCNIS‐containing tubules. In the present study desmin was detected 

in GCNIS‐containing tubules from patients with pre‐invasive and those with invasive 

TGCC. These findings would suggest a failure of Sertoli cell differentiation in the case 

of TGCC, where  Sertoli  cells maturation  is  altered  at  the  equivalent  of  16 weeks 

gestation  in  human  fetal  testis.  This  information  would  be  consistent  with  the 

hypothesis for GCNIS cells origin from gonocyte during fetal life, where also Sertoli 

cell differentiation  is altered during fetal  life. Tubules with active spermatogenesis 

from TGCC patients did not expressed desmin, coinciding with desmin absence  in 

normal  seminiferous  tubules  from  healthy men,  therefore,  it was  concluded  that 

Desmin could be a good marker for GCNIS‐containing tubules. 
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Cytokeratin is a reliable marker for Sertoli cell maturation 

It has been  shown  that  cytokeratin  expression  can be observed during  fetal  testis 

development up to gestational week 20 (Franke et al., 2004). Cytokeratin expression 

was observed in Sertoli cells of the human fetal testis at all ages studied (9‐20 week of 

development) whilst in normal adult testes, cytokeratin expression was not observed, 

in keeping with what has been previously reported (Franke et al., 1979; Rogatsch et 

al., 1996; Franke et al., 2004).  

In TGCC, cytokeratin was observed in GCNIS‐containing tubules from patients with 

pre‐invasive  and  invasive  TGCC.  Similar  expression  profiles  have  been  reported 

based on cytokeratin expression in GCNIS‐containing tubules  (Rogatsch et al., 1996).  

Maymon  et al.  (2000) have  shown  that  in normal  adulthood  cytokeratin  18  is not 

detected  in  Sertoli  cells. This was  extended  in  the present  study by using  a pan‐

cytokeratin antibody which recognized a wide range of cytokeratins (cytokeratin 1, 4, 

5, 6, 8, 10, 13, 18 and 19) and this analysis shows that cytokeratin expression was not 

expressed  in  normal  adult  testes.  Furthermore,  in  GCNIS‐containing  tubules, 

cytokeratin was expressed  in Sertoli cells of some tubules, but was only present  in 

GCNIS‐containing tubules. This finding suggests a potential use for cytokeratin in the 

detection of GCNIS‐containing tubules. Moreover, it was shown that cytokeratin is 

detected in GCNIS‐containing tubules from childhood and adult patients with pre‐

invasive TGCC and, additionally, cytokeratin protein can be detected in regions both 

proximal and distal  to  the  tumour  in patients with  invasive TGCC. These  findings 

suggest that cytokeratin persistence might be indicative of an early feature associated 

with TGCC, given that its expression is also detected in childhood patients with pre‐

invasive  stages  of  TGCC.  This  has  previously  been  suggested  in  studies  where 

cytokeratin  expression  was  observed  in  patients  with  spermatogenic  arrest  and 

cryptorchid testis (Rogatsch et al., 1996; Nistal et al., 2006). 
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These  results are  in agreement with previously  reported  research  (Rogatsch et al., 

1996), where  cytokeratin  8  and  18 was  reported  to  be  expressed  in GCNIS  from 

patients  with  invasive  TGCC.  However,  there  has  been  no  reports  about  the 

expression  of  cytokeratin  in  GCNIS‐containing  tubules  from  patients  with  pre‐

invasive TGCC.  

It has been established  that cytokeratin expression  is found  in Sertoli cells from 12 

weeks to 20 weeks of gestation (Rogatsch et al., 1996), and androgen receptor studies 

have shown that androgen receptor expression begins at 4 months of age  (2‐15% of 

Sertoli cells) progressively increasing thereafter (Chemes et al., 2008; Shapiro et al., 

2005; Suárez‐Quian et al., 1999). Therefore, cytokeratin and androgen receptor are not 

co‐expressed at any time point during testis development. 

I have shown that cytokeratin and androgen receptor are co‐expressed in Sertoli cells 

of GCNIS‐containing  tubules  from patients with pre‐invasive and  invasive TGCC. 

These findings suggest that (1) Sertoli cell are only partially differentiated in TGCC 

and remain in an immature state or (2) the loss of normal germ cells could have led 

to partial de‐differentiation of Sertoli cells.   

 

AMH is not useful to determine Sertoli cell maturation 

It  has  been  shown  that AMH  expression  can  be  detected  throughout  fetal  testis 

development until puberty (Rajpert‐De Meyts et al., 1999; Hero et al., 2012), and the 

presence of  a  functional  androgen  receptor has been  suggested as  responsible  for 

AMH down regulation (Boukari et al., 2009). In the present study it was shown that 

AMH  expression  can  be  observed  throughout  testis  development  agreeing with 

previous studies (Hero et al., 2012; E Rajpert‐De Meyts et al., 1999).  

AMH  expression  in  Sertoli  cells  of GCNIS‐containing  tubules  from  patients with 

TGCC  has  not  been  previously  studied,  however  studies  have  also  shown  that 

testicular dysgenesis, a feature of TGCC, does not affect AMH expression (Rey et al., 

1996).  In  the  present  study  AMH  expression  in  GCNIS‐containing  tubules  and 
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tubules with active  spermatogenesis  from patients with pre‐invasive and  invasive 

TGCC was observed. Furthermore,  it was demonstrated  that AMH  is expressed  in 

tubules  with  active  spermatogenesis  from  healthy  men,  which  disagrees  with 

previous studies where it has been shown that AMH expression ceases after puberty 

(Hutson et al., 1981; Rey et al., 1996; Rajpert‐De Meyts et al., 1999), but agrees with 

recent studies where AMH expression in normal tubules with active spermatogenesis 

have been shown (Lan et al., 2013).  

An explanation for these results on AMH expression is the use of different antibodies 

to AMH. For  instance,  the primary antibody used  in Rey et al.  (1996) study was a 

rabbit polyclonal raised against recombinant human AMH, purified on a protein A 

column and non immune serum as a negative control, whereas the antibody used for 

the present project was an AMH antibody against the C20‐terminal with a peptide 

block control previously used and validated in this laboratory, (Mitchell et al., 2010; 

van den Driesche et al., 2015). Lan et al. used an antibody directed to the N terminal 

of AMH. 

Another  explanation  is  the different  binding  sites  of  the  antibodies during AMH 

processing. The antibody used  in the present study detects both the precursor and 

mature AMH  hormone  peptides,  therefore  it  is  not  possible  to  determine which 

epitope  the  antibody  is  binding  to.  A  very  recent  study  involved  generating 

antibodies to specific regions of the AMH hormone components and stages of AMH 

activation and  investigating  its expression  in human  fetal  testis. They have shown 

that the mature C terminal of AMH was not present in human fetal testis, whereas 

the promature  form of AMH was present,  the  latter detected with  three different 

antibodies  (Mamsen  et  al.,  2015). The  active  form  of AMH  is  the promature  and 

mature C‐terminal  (Fig. 5.25). Future  studies with different antibodies directed  to 

specific fragment and stages of activation of AMH should be performed in GCNIS‐

containing tubules. 
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In the Mamsen study, they also used the same antibody as the one used in the present 

study and they showed that AMH is detected in the human fetal testis, which may 

represent the precursor form of AMH, which is an inactive form of AMH, given that 

they have shown that their specific antibody for the mature C‐terminal is not present 

in human fetal testis. A summary of AMH expression by different authors can be seen 

in Table 5.2 and the components of AMH that they detect can be seen in Fig 5.25. 
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Table 5.2. AMH expression in human fetal and adult testis 

Author  Antibody  Binding site 
human fetal 

testis 
Normal adult 

testis 

The present study  SC‐6886 

C‐20 terminal 
AMH 

precursor and 
Mature C‐
terminal 

 

(Mamsen et al., 
2015) 

ab48/72  N‐terminal   NS 

ab‐39  N‐terminal   NS 

ab‐29/1 
Mature C‐
terminal 

 NS 

SC‐6886 

C‐20 terminal 
AMH 

precursor and 
Mature C‐
terminal 

 NS 

(Lan et al., 2013)  R&D  N‐terminal  NS  

NS – not shown, presume not tested 

 

Figure 5.25. Diagram showing the processing of AMH and the binding sites of the tested AMH antibodies. 
Mamsen et al. AMH antibody ‐ AMH ab‐48/72m, AMH ab‐39 and AMH ab‐29/1, Lan et al. AMH antibody 
‐  R&D  AF2748  and  the  AMH  antibody  from  the  present  project  ‐  SC‐6886.  AMH  is  produced  as  a 
homodimeric  non‐active  precursor, which  has  to  be  cleaved  to  become  active.  Binding  of  the  pro‐
mature non‐covalent complex to the receptor causes the pro‐region to dissociate. Yellow IgG molecules 
indicate the binding sites of the tested antibodies. Modified from (Mamsen et al., 2015). 
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The  majority  of  studies  on  AMH  have  been  done  on  serum  levels  rather  than 

immunohistochemistry, where it has been shown that serum AMH decreases to basal 

levels after 10 years of age (Hudson et al., 1990). Furthermore AMH serum levels have 

been studied in men with normal and reduced sperm concentration and men with 

maldescended  testes,  showing  that  there was  no  significant  differences  found  in 

AMH levels (Tüttelmann et al., 2009). This suggests that AMH is detected in serum 

even in normal men and given that the only known source of AMH is the testis, it is 

then suggested that AMH is being produced in the testis and detected in serum in 

other studies and by immunohistochemistry in this project.  

Our  findings  coincide  with  what  has  been  found  in  normal  and  impaired 

spermatogenesis, where it is concluded that serum AMH levels are not affected (Rey 

et al., 1996; Tüttelmann et al., 2009).  In  the present study, AMH was expressed  in 

Sertoli cells of GCNIS‐containing  tubules with active spermatogenesis  from TGCC 

patients and from adult healthy men. 

Rey et al. (1996) suggest AMH expression reduces due to the presence of meiotic germ 

cells, however in the experiments here shown, AMH was present in tubules with full 

spermatogenesis,  which  suggest  there  might  be  another  cause  for  AMH  down 

regulation,  such  as  a  pathway  like  PKA,  as  suggested  by  Lukas‐Croissier  (2000) 

(Lukas‐Croisier et al., 2003; Rey et al., 1996). This latter study has shown that AMH is 

regulated though PKA in response to FSH, therefore this gives room for manipulation 

studies  though FSH of PKA  in human  fetal  testis where AMH  expression  is well 

established  with  the  purpose  of  understanding  the  function  of  AMH  levels  of 

expression in Sertoli cell maturation. 
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5.7. Conclusions 

During human fetal testis development, a heterogeneous expression of desmin and 

fibronectin was observed in early fetal Sertoli cells, whereas a consistent expression 

of  vimentin,  cytokeratin  and  AMH  was  observed  throughout  fetal  testis 

development. AR was weakly expressed in human fetal testis at 15 and 18 weeks of 

fetal  testis  development.  In  comparison,  in  normal  adult  testis,  AR,  AMH  and 

vimentin were expressed in Sertoli cells, whereas fibronectin, desmin and cytokeratin 

were absent.  

In  GCNIS  from  childhood  patients  with  pre‐invasive  TGCC,  cytokeratin  was 

expressed  in  all  tubules, whereas  fibronectin was  not.  In  Sertoli  cell  of  GCNIS‐

containing  tubules  from  adult  patients  with  pre‐invasive  TGCC,  cytokeratin, 

vimentin,  AMH,  AR  and  desmin  were  expressed,  whereas  no  expression  of 

fibronectin was  observed  in  Sertoli  cells  of GCNIS‐containing  tubules  from  adult 

patients with pre‐invasive TGCC. In tubules with active spermatogenesis from adult 

patients with pre‐invasive TGCC AMH, vimentin and AR were expressed, whereas 

fibronectin, desmin and cytokeratin expression was absent.   

The pattern of expression of cytokeratin, desmin, AR, vimentin and AMH was the 

same in Sertoli cells from GCNIS‐containing tubules from patients with pre‐invasive 

and invasive TGCC. In comparison, fibronectin expression was absent in Sertoli cells 

of GCNIS‐containing tubules from patients with pre‐invasive TGCC, whereas it was 

heterogeneously expressed in GCNIS and Sertoli cells of GCNIS‐containing tubules 

from patients with invasive TGCC and seminoma cells. A summary of the expression 

of each protein can be seen in Table 5.3. 
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Table 5.3. Expression of proteins indicative of Sertoli cell maturation in the normal testis 
and TGCC. 

  Type of tissue 

protein  HFT  NAT 
pre TGCC 
GCNIS 

pre TGCC 
AS 

inv TGCC 
GCNIS 

inv 
TGCC AS 

cytokeratin    /  / 

desmin 
up to 
16w/

 /  / 

AR 
at 15 and 
18w/

    

fibronectin 
up to 
17w/

   / 

vimentin       

AMH       
HFT ‐ human fetal testis, NAT ‐ normal adult testis, pre TGCC GCNIS ‐ GCNIS from patients 
with pre‐invasive TGCC, pre TGCC AS ‐ Tubules with active spermatogenesis from patients 
with pre‐invasive TGCC,  inv TGCC GCNIS ‐ GCNIS from patients with invasive TGCC,  inv 
TGCC AS ‐ tubules with active spermatogenesis from patients with invasive TGCC. AR – 
androgen  receptor,  AMH  –  anti‐Müllerian  hormone,  w  –  weeks  of  fetal  testis 
development,  positive  Sertoli  cells,  negative  Sertoli  cells,  /  ‐  heterogeneous 
expression in Sertoli cells 

 

AMH was expressed in all the samples examined, including adult testes from healthy 

men, which could allow for future studies such as AMH manipulation in human fetal 

testis hanging drop  cultures  in order  to determine  the  function of AMH  levels  in 

Sertoli cell and germ cell maturation.  

In  conclusion,  there was  no  association  observed  between  proteins  indicative  of 

Sertoli  cell maturation  and TGCC progression. However, desmin  and  cytokeratin 

could be used as indicative proteins of GCNIS presence. Cytokeratin could be used 

as early as childhood patients with pre‐invasive TGCC.  
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6. The role of the oncogene Gankyrin in the pathogenesis 

of TGCC 

 

6.1. Introduction 

6.1.1. Gankyrin  

Gankyrin is an oncogene that comprises seven ankyrin repeats. This molecule is a 

subunit of the 26S proteasome that interacts with the 19S regulator, specifically with 

the S6b ATPase (Rpt3). The 19s regulator containing 6 ATPases, mediates the 

unfolding of proteins before their degradation in the 20S barrel-shaped proteolytic 

core of the 26S particle.  These 6 ATPases are part of the ATPases associated with 

diverse cellular activities (AAA) superfamily of ATPases. These ATPases can control 

different events and some of them are 26S proteasomal functions such as peroxisomal 

biogenesis, membrane docking and fusion, protein egress from the endoplasmic 

reticulum, nuclear transport and transcription factor regulation (Dawson et al., 2002; 

Krzywda et al., 2004; Dawson, et al., 2006).  

Its localization within the cell compartments has been suggested to be important in 

hepatocellular carcinogenesis, where the localization (nuclear, cytoplasmic and 

whole cells) and level of  expression  of Gankyrin gradually increases as the stages of 

hepatocarcinogenesis progress (Jing et al., 2014). 

 

6.1.2. Gankyrin downstream effects and potential role in TGCC. 

Gankyrin has been shown to prevent OCT4 degradation (Qian et al., 2012) by 

inhibiting the interaction of OCT4 with WW domain containing E3 ubiquitin protein 

ligase 2 (WWP2; (H. Xu et al., 2009). Moreover Gankyrin has been shown to physically 

interact with MAGE-A4,  and this interaction suppresses the oncogenic properties of 

Gankyrin by reducing cell number and tumour size in mice (Nagao et al., 2003).   
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As described in chapter 3, GCNIS cells have a different proliferation rate depending 

on their phenotype, where MAGE-A4- GCNIS cells proliferate more compared to 

MAGE-A4+ GCNIS cells. This suggests that MAGE-A4 might have an anti-

proliferative effect when expressed in GCNIS cells which could be affected by 

manipulation of Gankyrin.  

On the other hand Gankyrin has also been shown to interact with CDK4 (Dawson et 

al., 2002), RB1 (Higashitsuji et al., 2000) and to down-regulate TP53 (Chen et al., 2014). 

These genes are associated with regulation of tumorigenesis therefore understanding 

the mechanism of action of Gankyrin on these genes might result in the development 

of novel cancer therapies (Bartkova et al., 2003; Chen, et al., 2014; Rodriguez-Puebla 

et al., 2002; Sherr & McCormick, 2002).  

In TGCC it has recently been shown that Gankyrin expression correlates with the 

expression of phosphorylated retinoblastoma (RB)  protein (Ando et al., 2014), which 

has been shown to regulate germ cell differentiation and survival in rats (Toppari et 

al.,  2003; Yan, et al., 1997). This suggests that Gankyrin might play a role in germ cell 

survival and differentiation. 

It has also been shown through siRNA studies that Gankyrin regulates TP53 in NT2 

cells (Chen, et al.,  2014),  however the effects on genes downstream of TP53 has not 

been studied. TP53 target genes are important for cell cycle (P21), cell migration and 

invasion (brain angiogenesis inhibitor – BAI-1, plasminogen activator inhibitor – PAI-

1), apoptosis (BCL2 – associated X Protein (BAX) and FAS (cell surface death receptor) 

regulation. Relevant Gankyrin interactions and effects are described in Fig. 6.1. 

 
Figure 6.1. Gankyrin interactions and effects relevant to this thesis.  



Chapter 6      The role of the oncogene Gankyrin in the pathogenesis of TGCC 237 
  
 

6.2. Hypothesis 

Chapter 3 demonstrated that GCNIS cells present a heterogeneous expression of 

OCT4 and MAGE-A4 and furthermore that there is a difference GCNIS cells 

proliferation, depending on its expression phenotypes. 

It was hypothesized that Gankyrin is regulating the oncogenic potential of GCNIS by 

interacting with OCT4 and MAGE-A4 via two mechanisms. Firstly, by preventing 

OCT4 degradation in GCNIS cells, leading to an increase in oncogenic potential and 

secondly, by interacting with MAGE-A4 which would reduce the oncogenic potential 

of Gankyrin in GCNIS cells. 

  

6.3. Chapter aims 

This chapter aims to immunolocalize Gankyrin protein expression in the normal 

testis and in GCNIS from patients with pre-invasive and invasive TGCC to determine 

whether its expression relates to proliferation, differentiation and apoptosis of 

malignant (GCNIS) and normal germ cells (gonocytes and pre spermatogonia). 

Finally, by using siRNA experiments in NT2 cells (a TGCC cell line) the aim was to 

determine the role of Gankyrin in the pathogenesis of testicular germ cell cancer. 
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6.4. Materials and Methods 

6.4.1. Human fetal testicular tissue 

Human fetal testicular tissue from 9 to 20 weeks of gestation (n=38) was obtained as 

described in section 2.1.1. Dissection, sex determination and gestational age 

assessment was performed as described in section 2.1.2.  

6.4.2. Normal adult testicular tissue 

Normal human testis tissue (n=20) was obtained as described on section 2.1.3. Age 

and pathology reports for this tissue can be seen in Table. 2.1 

6.4.3. Human pre-invasive and invasive testicular germ cell cancer tissue 

Pre-invasive TGCC tissue (n=11) was obtained as described in section 2.1.4. Age and 

pathology reports can be seen in Table 2.2. Invasive TGCC tissue (n=6) was obtained 

as described in section 2.1.5. The pathology report for these samples can be seen in 

Table 2.3. 

6.4.4. Immunofluorescence 

Immunofluorescence for Gankyrin, MAGE-A4, OCT4 was performed as described in 

section 2.5. Primary and secondary antibodies are described in Table 2.5 and 2.6 

respectively.  

6.4.5. Image capture and Stereology  

Images were captured as described in section 2.6. Quantification of Gankyrin 

expression in relation to germ cell differentiation (Gankyrin/MAGE-A4/OCT4) was 

performed as described in section 2.6.  

6.4.6. Cell culture 

Cell culture was performed as described in section 2.8. NT2 cells and TCAM2 cells, 

both TGCC cells lines were used for these experiments.  
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6.4.7. Cell counts 

Trypan blue was used to determine the number of live cells for cell seeding and to 

determine the number of live attached cells after experiments as described in section 

2.9.1. Cell counts for subsequent experiments involving cisplatin and UC288 were 

assessed with the NucleoCounter (Chemometec) as described in section 2.9.2.  

6.4.8. Gankyrin siRNA transfections 

Gankyrin siRNA transfections in TCAM2 and NT2 cells were performed as described 

in section 2.10.  

6.4.9. SYBR green qPCR 

SYBR green qPCR for RPS20, Gankyrin, OCT4, RB1, CDK4, TP53 and its downstream 

genes P21, BAX, FAS, PAI, BAI and proliferation genes Ki67, PCNA and TPX2 were 

performed as described in section 2.11. Primer sequences are detailed in Table 2.11 

6.4.10. Western blot 

Western blot for Gankyrin, OCT4, P53, P21 and phosphorylated P21 were performed 

as described in section 2.12. Primary and secondary antibodies are detailed in Table 

2.14 and 2.15 respectively. 

6.4.11. Cell cycle analysis and HOECHST staining 

Cell cycle analysis was performed as described in section 2.13. A total of 3000 cells 

were used for each sample. Hoechst staining was used for DNA staining as described 

in section 2.13.1 

6.4.12. Cisplatin kill curve  

Cisplatin kill curve was performed as described in section 2.14. 

6.4.13. Cisplatin, Gankyrin siRNA transfection and UC2288 combined 

experiments 

Cisplatin exposure in combination with Gankyrin siRNA transfections was 

performed as described in section 2.15. Preliminary experiments for UC2288 P21 

inhibitor to test whether UC2288 could be used at the same time as serum starvation, 
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was performed as described in section 2.16. Cisplatin and UC2288 combined 

experiments were carried out as described in section 2.17 

6.4.14. Cell migration assay 

Cell migration assay was performed as described in section 2.18. 

6.4.15. Statistical analysis 

Statistical analysis was performed by Student’s t-test and one-way ANOVA as 

described in section 2.7 on log transformed (y=log(y)) data or arcsine (y=arcsin(y)) 

transformed data where appropriate. For in vitro studies, individual data points in 

the graphs represent the mean of triplicates from an individual experiment with 

matched colours for vehicle and transfected or control and treated cells in the same 

experiment.  
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6.5. Results 

6.5.1. Gankyrin is expressed in prespermatogonia but is absent from 

gonocytes in the human fetal testis   

Immunofluorescence was performed on human fetal testis sections to determine 

whether Gankyrin expression was associated with fetal germ cell maturation. As 

shown previously in the present study, OCT4 is used to determine the presence of 

gonocytes or immature germ cells whereas MAGE-A4 is used to determine the 

presence of prespermatogonia. Triple immunofluorescence was performed for OCT4, 

Gankyrin and MAGE-A4. Gankyrin was absent from the nuclei of gonocytes 

(OCT4+/MAGE-A4-, white arrows, Fig. 6.2) whereas it was present in a subpopulation 

of pre spermatogonia (OCT4-/MAGE-A4+, blue arrows, Fig. 6.2). An intermediate 

stage between gonocyte and pre spermatogonia was observed in some sections 

(OCT4+/MAGE-A4+, yellow arrows, Fig. 6.2), and these cells were negative for 

Gankyrin. Gankyrin was consistently observed in Sertoli cell nucleus and cytoplasm 

(Fig. 6.2).  
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Figure 6.2.  OCT4, MAGE-A4 and Gankyrin expression in human fetal testis. w – week of development. 
White arrow – OCT4+/MAGE-A4- cells (gonocytes), blue arrow – OCT4-/MAGE-A4+ positive cells 
(prespermatogonia), yellow arrow – OCT4+/MAGE-A4+ (intermediate stage cells). neg. – No primary 
antibody control. Scalebars represent 50µm. DAPI was used to counterstain. 
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6.5.2. Gankyrin is occasionally expressed in spermatogonia of the normal 

adult testis   

Immunofluorescence was performed on normal adult testis for SOX9 (Sertoli cells), 

OCT4, MAGE-A4 and Gankyrin. Gankyrin expression was observed in the nucleus 

and cytoplasm of Sertoli cells (SOX9+). As expected OCT4 expression was absent in 

the normal human testis whilst MAGE-A4 was expressed in germ cells 

(spermatogonia/spermatocytes) adjacent to the basement membrane. Gankyrin was 

expressed in the cytoplasm of a subset of spermatogonia (Fig. 6.3).  

 
 
Figure 6.3. SOX9, OCT4, MAGE-A4 and Gankyrin expression in normal adult testis.  (A and B) normal adult 
human testis. C) No primary antibody control. Yellow arrow – Sertoli cells, White arrow – 
spermatogonia, scalebars represent 50µm.  
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6.5.3. Gankyrin is heterogeneously expressed in GCNIS from childhood 

and adult patients with pre-invasive TGCC  

Immunofluorescence was performed for OCT4, MAGE-A4 and Gankyrin on 

childhood and adult pre-invasive TGCC sections.  

In contrast with what was observed in human fetal testis where OCT4 expression was 

associated with Gankyrin absence, most GCNIS (OCT4+) cells from patients with pre-

invasive TGCC expressed Gankyrin (Fig. 6.4). Even though the majority of GCNIS 

cells expressed Gankyrin, a heterogeneity of its expression could be observed and 

this involved sub-populations of GCNIS cells including OCT4+/MAGE-A4- (white 

arrows, Fig. 6.4) and OCT4+/MAGE-A4+ (yellow arrows, Fig. 6.4). In GCNIS-

containing tubules, spermatogonia could also be observed (OCT4-/MAGE-A4+, blue 

arrows, Fig, 6.4). 
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Figure 6.4.  OCT4, MAGE-A4 and Gankyrin expression in GCNIS cells from childhood and adult patients 
with pre-invasive TGCC. white arrow – OCT4+/MAGE-A4- GCNIS cells, blue arrow – MAGE-A4+/OCT4- 

GCNIS cells and yellow arrow – OCT4+/MAGE-A4+ GCNIS cells, y-years of age, scalebars represent 50 
µm, DAPI was used to counterstain. 
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6.5.4. Gankyrin displays a heterogeneous expression in GCNIS cells from 

patients with invasive TGCC.  

Multiple immunofluorescence was performed to detect OCT4, MAGE-A4 and 

Gankyrin n testis sections from men with invasive TGCC. Gankyrin was 

heterogeneously expressed within MAGE-A4+ (yellow arrows, Fig. 6.5) and MAGE-

A4- (white arrows, Fig. 6.5) GCNIS cells from patients with seminoma (Fig. 6.5, A and 

B) and non-seminoma (Fig. 6.5, C and D). Some GCNIS-containing tubules also 

contained spermatogonia (OCT4-/MAGE-A4+, blue arrows, Fig. 6.5) 

Gankyrin expression was also determined in tumours cells from patients with 

seminoma and non-seminoma. Seminomas were 100% positive for Gankyrin 

expression (n=11). In non-seminoma tumours, OCT4 staining was essential to 

determine expression of Gankyrin in the seminoma component of the non-seminoma 

tumour which was also expressing Gankyrin (n=2). Gankyrin staining in the 

seminoma cells was observed mainly in the cytoplasm. Consistent with previous 

experiments, MAGE-A4 was not observed in seminoma tumours, or in the seminoma 

component of the non-seminoma tumours (Fig. 6.5, E and F). 
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Figure 6.5. OCT4, MAGE-A4 and Gankyrin expression in GCNIS-containing tubules from patients with 
invasive TGCC and in tumours. (A and B) seminoma, (C and D) non-seminoma patients, (E) seminoma 
tumour and (F) non-seminoma tumour. (G) No primary antibody control. White arrow – OCT4+/MAGE-
A4-, blue arrow – MAGE-A4+/OCT4-, yellow arrow – OCT4+/MAGE-A4+, DAPI was used to counterstain 
scalebars represent 50 µm.. 
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6.5.5. Quantification of Gankyrin expression in association with MAGE-A4 

and OCT4 expression in GCNIS from TGCC patients.  

In order to determine whether there was an association of Gankyrin expression with 

GCNIS invasiveness, quantification of nuclear Gankyrin expression in GCNIS cells 

from childhood pre-invasive, adult pre-invasive, seminoma and non-seminoma 

patients was performed.  

This experiment showed that there is a significant increase in the percentage of 

GCNIS cells expressing nuclear Gankyrin in childhood patients with pre-invasive 

TGCC (87%) and non-seminoma patients (91.5%) when compared to nuclear 

Gankyrin expression in GCNIS cells from adult patients with pre-invasive TGCC 

(63.3%). Nuclear Gankyrin expression in GCNIS cells from seminoma patients (79%) 

did not display any significant difference compared to GCNIS cells from childhood 

or adult patients with pre-invasive TGCC or GCNIS cells from non-seminoma 

patients (Fig. 6.6, A). 

This data was then analysed by quantifying the proportion of MAGE-A4+ GCNIS cells 

in this experiment. MAGE-A4+ GCNIS were seen in childhood patients with pre-

invasive TGCC (5.9%), adult patients with pre-invasive TGCC (4.5%), seminoma 

(1.9%) and non-seminoma (0.15%) patients (Fig. 6.6, B)  

This data was then analysed by the proportion of MAGE-A4+ GCNIS cells (OCT4+) 

population that were expressing nuclear Gankyrin.  Nuclear Gankyrin was expressed 

in 80% of MAGE-A4+ GCNIS cells from childhood patients with pre-invasive TGCC, 

44.6% of MAGE-A4+ GCNIS cells from adult patients with pre-invasive TGCC and 

83.3% of MAGE-A4+ GCNIS cells from seminoma patients. Gankyrin was not 

observed in MAGE-A4+ GCNIS from non-seminoma patients (Fig. 6.6, C). 
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Figure 6.6. Distribution of nuclear Gankyrin and MAGE-A4 in GCNIS (OCT4+). (A) Distribution of nuclear 
Gankyrin expression in GCNIS cells from pre CH, pre AH, SEM and non SEM patients. (B) Distribution of 
MAGE-A4+ GCNIS cells and (C) MAGE-A4+/OCT4+/ Gankyrin + GCNIS cells in pre CH, pre AH, SEM and non 
SEM. Pre CH – Childhood patients with pre-invasive TGCC (n=7), pre AH – pre-invasive adulthood (n=4), 
SEM – seminoma (n=3), non SEM – non-seminoma (n =3), ** p<0.01, data analysed by one-way ANOVA 
followed by Tukey’s post hoc test on arcsine transformed data (y=arcsin(y)), means ± SEM. 
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6.5.6. Characterization of Gankyrin expression in NT2 and TCAM2 

testicular germ cell cancer cells lines. 

 

6.5.6.1. Gankyrin expression in TCAM2 cells 

Gankyrin mRNA was detected in TCAM2 cells with OCT4 mRNA levels used as a 

control (Fig. 6.7, A).   

In order to assess Gankyrin protein expression in TCAM2 cells, western blot and 

immunofluorescence were performed. Both techniques show that Gankyrin protein 

can be detected (Fig. 6.7, B and C) and immunofluorescence suggested that Gankyrin 

is localized mainly in the cytoplasm of a sub-population of TCAM2 cells (Fig. 6.7, C). 
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Figure 6.7. Relative Gankyrin and OCT4 mRNA and protein expression in TCAM2 cells.  (A) Gankyrin and 
OCT4 mRNA expression in TCAM2 cells (n=3, means ± SEM). (B) Western blot for Gankyrin and tubulin. 
(C) Immunofluorescence showing Gankyrin expression in TCAM2 cells. (D) No primary antibody control. 
Scalebars represent 50 µm. Peptide block control was also perfomed to validate the antibody as 
described on section 2.5.1, 2.4 and 2.12.5.  DAPI was used as a counterstain. 
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6.5.6.2. Gankyrin expression in NT2 cells 

Gankyrin mRNA was also detected in NT2 cells with OCT4 mRNA levels used as 

control (Fig. 6.8 A). 

Gankyrin protein was detected using western blot and immunofluorescence. 

Immunofluorescence in NT2 cells produced similar results to those in TCAM2 cells, 

namely that Gankyrin expression was observed in the cytoplasmic compartment. 

Expression was more homogeneous in NT2 cells compared to TCAM2 cells (Fig. 6.8, 

B and C). 

 

 

 



Chapter 6      The role of the oncogene Gankyrin in the pathogenesis of TGCC 253 
  
 

 

Figure 6.8. Relative Gankyrin and OCT4 mRNA and protein expression in NT2 cells.  (A) Gankyrin and OCT4 
relative mRNA expression in NT2 cells (n=4, means ± SEM). (B) Western blot for Gankyrin and tubulin. 
(C) Immunofluorescence showing Gankyrin expression in NT2 cells. (D) No primary antibody control. 
Scalebars represent 50 µm. Peptide block control was also perfomed to validate the antibody as 
described on section 2.5.1, 2.4 and 2.12.5. DAPI was used as a counterstain 
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6.5.7. Gankyrin siRNA transfection reduces Gankyrin mRNA and protein 

expression in NT2 cells after 24 and 48 hours 

In order to study Gankyrin function in testicular germ cell cancer, siRNA experiments 

were carried out in NT2 cells with 20nM Gankyrin siRNA for 10 hours followed by a 

change of media and harvesting at 24 hours. Preliminary experiments were carried 

out in TCAM2 cells (App. VI). 

A significant decrease of 62% in Gankyrin mRNA and 50% of Gankyrin protein was 

observed after 24 hours of transfection with 20nM of Gankyrin siRNA in NT2 cells 

(Fig. 6.9, A and B). Similarly, after 48 hours a significant decrease in Gankyrin mRNA 

(85%) and Gankyrin protein (67.4%) was observed (Fig. 6.9, C and D) 

 
 
Figure 6.9. Relative Gankyrin mRNA (A+C) and protein (B+D) in NT2 cells after 24 and 48 hours of 20nM 
Gankyrin siRNA transfection. Data analysed by paired t-test, (A) n=7, (B) n=4, (C) n=3, (D) n=3. *p=0.05, 
**p=0.01, means ± SEM. 
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6.5.8. Gankyrin down-regulation reduces NT2 cell numbers after 24 hours  

Gankyrin down-regulation in NT2 cells resulted in a significant reduction in cell 

number (Fig. 6.10, A). These results were confirmed using an automated cell counting 

system (described in section 2.9) that consistently showed a decrease in harvested cell 

number upon Gankyrin siRNA transfection after 24 hours (Fig. 6.10, B). TCAM2 cell 

numbers were not affected by Gankyrin siRNA transfection (App. VII). 

 

Figure 6.10. Harvested live NT2 cells after 24 hours of Gankyrin siRNA transfection. A) Harvested live NT2 
(n=5) cells using trypan blue and (B) NT2 (n=6) live cells/mL using the NucleoCounter automated cell 
count system after 24 hrs of Gankyrin siRNA transfection, Data analysed by paired t-test, *p<0.05, 
**p<0.01, means ± SEM. 
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6.5.9. Gankyrin down-regulation does not affect OCT4 expression in either 

TCAM2 or NT2 cells  

As demonstrated in Chapter 3, OCT4 has been associated with increased invasive 

potential in GCNIS cells. Given the observation of cell number reduction upon 

Gankyrin siRNA transfection, it was then hypothesized that down-regulation of 

Gankyrin would down-regulate OCT4 resulting in a reduced oncogenic potential of 

NT2 cells.  

In order to test this hypothesis, OCT4 was measured by qPCR and western blot in 

Gankyrin siRNA transfected NT2 cells. These experiments showed that OCT4 and 

protein are not affected by Gankyrin down-regulation (Fig. 6.11).  OCT4 was also not 

affected in TCAM2 cells (App. VIII) 

. 
Figure 6.11. Relative OCT4 (A) mRNA and (B) protein expression in NT2 cells after Gankyrin siRNA 
transfection with 20nM. Harvested after 24 hours of transfection, data analysed with paired t-test, n=4, 
means ± SEM. 
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6.5.10. Gankyrin down-regulation in NT2 cells does not reduce 

proliferation but rather affects the p53/P21 pathway 

In order to understand the mechanisms by which Gankyrin affects cell number, it was 

evaluated whether Gankyrin down-regulation affects cells proliferation, apoptosis or 

cell cycle regulation.  

 In order to answer whether Gankyrin down-regulation affects proliferation in NT2 

cells, qPCR for Ki67, PCNA and TPX2 was performed. No change was evident for the 

proliferation markers used (Fig. 6.12).  

Similar results were obtained in TCAM2 cells after Gankyrin down-regulation (App. 
IX).  
 

 
Figure 6.12. Relative (A) ki67, (B) PCNA and (C) TPX2 mRNA expression in NT2 cells after 24 hours of 
Gankyrin siRNA transfection. n=4, data analysed by paired t-test on log transformed data (y=log(Y)), 
means ± SEM. 
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Since there was no Gankyrin siRNA-induced change in the mRNA expression of 

proliferation genes, TP53, a tumour suppressor gene was the investigated. TP53 

mRNA expression and that of its downstream genes P21, BAX, FAS, BAI, PAI-I was 

investigated (Fig. 6.13, A). 

There was a significant increase in relative TP53 mRNA level in transfected NT2 cells 

compared to vehicle control (Fig 6.13, B).  

The downstream genes of TP53 such as P21, a cell cycle arrest gene, and the pro 

apoptotic genes BAX and FAS were also significantly up-regulated after Gankyrin 

siRNA transfection (Fig. 6.13, C-E).  

For downstream genes involved in inhibition of angiogenesis and metastasis PAI-1 

was significantly up-regulated upon Gankyrin down-regulation, whilst BAI-1 was not 

affected (Fig. 6.13, D and F).  

The TP53 pathway was also analysed in TCAM2 cells, and showed that Gankyrin 

down-regulation does not affect the TP53 pathway in TCAM2 cells (App. X). 
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Figure 6.13. TP53 pathway and the effect of Gankyrin down-regulation on relative TP53 mRNA and that 
of its downstream genes. (A)  TP53 pathway showing genes of interest in this study.  Relative (B) TP53, 
(C) P21, (D) BAX, (E) FAS, (F) BAI-1, (G) PAI-1 mRNA expression in NT2 cells after 20nM Gankyrin siRNA 
transfection for 10 hours and harvesting after 24 hours. Data analysed by paired t-test on log 
transformed data (y=log(y)), n=4, means ± SEM.   
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6.5.11. Gankyrin down-regulation results in a small but significant 

increase in G0/G1 phase NT2 cells  

The present studies have demonstrated an increase in P21 mRNA expression after 

Gankyrin down-regulation in NT2 cells (Fig. 6.13, C). Given that P21 is a kinase 

inhibitor that can regulate the cell cycle, the effect of Gankyrin down-regulation on 

the cell cycle was investigated in NT2 cells.   

There was a significant increase in the proportion of NT2 cells in G0/G1 phase of the 

cell cycle (47% v 51%, p<0.05) after Gankyrin down-regulation (Fig. 6.14, A). There 

was no significant difference in the proportion of cells in G2/M or S-phase after 

Gankyrin down-regulation (Fig. 6.14, B and C). These experiments were also 

performed on TCAM2 cells where Gankyrin down-regulation did not affect the 

percentage of cells in the different phases of the cell cycle (App. XI). 

 
Figure 6.14. Percentage of NT2 cells in the different phases of the cell cycle (A-C) after 24 hrs of Gankyrin 
siRNA transfection. Data analysed by paired t-test on arcsine transformed data (y=arcsin(y)), n=3, 
*p<0.05, means ± SEM. 
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6.5.12. Gankyrin down-regulation does not affect RB1 whilst CDK4 is 

significantly up-regulated  

Other genes that have been shown to be altered in previously reported studies using 

Gankyrin siRNA in Hepatocellular Carcinoma cell lines are RB1 and CDK4 

(Higashitsuji et al., 2000; Dawson et al., 2002; Higashitsuji, 2005), which are both 

important regulators of cell cycle progression, differentiation, apoptosis and 

proliferation. There was no significant change in relative RB1 mRNA in NT2 cells 

(n=4). However, CDK4 was significantly increased in transfected NT2 cells (n=4; Fig. 

6.15).  RB1 and CDK4 relative mRNA was also analysed in TCAM2 cells after Gankyrin 

down-regulation with no significant differences observed between vehicle and 

Gankyrin siRNA treated cells (App. XII) 

 
Figure 6.15. Relative (A) RB1 and (B) CDK4 mRNA expression in NT2 cells after 24 hrs of Gankyrin siRNA 
transfection. Data analysed by paired t-test on log transformed data (y=log(y)), n=4, means ± SEM. 
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6.5.13. Gankyrin plays a role in cisplatin resistance in NT2 cells 

Cisplatin is the main chemotherapy used in TGCC patients, however in 10-30% of 

patients with a metastatic non-seminoma there is platinum based chemotherapy 

resistance. Studies of TGCC cisplatin resistance have shown that cytoplasmic 

expression of P21 may be involved in this mechanism (Koster et al., 2010).   

Due to my observation that P21 is up-regulated upon Gankyrin siRNA transfection, 

the aim was to determine whether Gankyrin affected cisplatin resistance.  

In order to determine the optimal dose of cisplatin to be used in subsequent 

experiments, a kill curve was performed in NT2 cells.  

A significant decrease in NT2 cell numbers was observed after 0.5 µM (p<0.05), 2 µM 

(p<0.05), 4 µM (p<0.05), 8 µM (p<0.001), 16 µM (p<0.001), 32 µM (p<0.001) and 100 

µM (p<0.001) when compared to the 0 µM cisplatin control (Fig. 6.16).  

 
Figure 6.16. Cisplatin kill curve in NT2 cells.  A) Low dose (0.25-4 µM) cisplatin with 0 µM control (n=3). 
B) High dose (8-100 µM) cisplatin with 0 µM control (n=3). *p<0.05, **p<0.01, data analysed by one-
way ANOVA and Dunnett’s multiple comparison test on log transformed data (y=log (y)), means ± SEM. 
 

The dose chosen for future experiments was 4µM for 24 hours because the percentage 

of attached cells was reduced to 55%, which still allows for sufficient live cells to 

perform further experiments in combination with Gankyrin siRNA (which also 

reduces cell viability). 
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Experiments combining cisplatin and Gankyrin siRNA were performed to study the 

role that Gankyrin might be playing in cisplatin resistance as described in section 2.15.   

A significant reduction in cell number was observed in Gankyrin siRNA transfected 

cells when compared to vehicle treated cells (p<0.05, n=5; Fig. 6.17, A). 

Gankyrin siRNA transfection followed by cisplatin treatment resulted in a significant 

(p<0.05) additive cytotoxic effect (13.5% more cells death) when compared to just 

Gankyrin siRNA transfected NT2 cells (Fig. 6.17, B). Cisplatin alone had a similar 

effect in the percentage of attached cells when compared to Gankyrin siRNA 

transfected cells (Fig. 6.17, B). 

 
Figure 6.17. Combined effects of Gankyrin siRNA transfection and cisplatin treatment in NT2 cell number. 
A) Percentage of attached cells after 48 hours of Gankyrin siRNA transfected cells compared to vehicle 
(B) Cisplatin and Gankyrin siRNA transfections individual and combined effects over the percentage of 
attached cells. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin 
treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data 
analysed by (A) paired t-test, *p<0.05 and, (B) paired one-way ANOVA followed by Tukey’s post hoc 
test, both analyses performed on arcsin transformed data (y=log (y)), n=5, **p<0.001, means ± SEM. 
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In order to better interpret these cell number results, it was decided to assess the 

levels of Gankyrin expression in cisplatin and transfected treated cells, given that in 

the cells treated in combination, the cisplatin could have affected Gankyrin down-

regulation success.  

Relative Gankyrin mRNA expression was significantly reduced in Gankyrin siRNA 

transfected cells compared with vehicle (Fig. 6.18, A). Gankyrin mRNA expression 

was also reduced in Gankyrin siRNA transfected and Gankyrin siRNA transfected cells 

combined with cisplatin treatment compared to cisplatin treatment only (p<0.05; Fig. 

6.18, B).  

 
Figure 6.18. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative Gankyrin 
mRNA expression. A) Gankyrin mRNA expression in Gankyrin siRNA transfected cells compared to 
vehicle. (B) Cisplatin and Gankyrin siRNA transfections individual and combined effects over Gankyrin 
mRNA expression. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin 
treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data 
analysed by (A) paired t-test, *p<0.05 and (B) paired one-way ANOVA followed by Tukey’s post hoc test 
on log transformed data (y=log (y)), n=3, means ± SEM. 
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Cisplatin has been shown to exert its  cytotoxic effects via TP53 (Siddik, 2003; Bragado 

et al., 2007) . It has already been shown that TP53 mRNA expression is affected after 

24 hours of Gankyrin down-regulation and therefore its expression was assessed.   

There was no significant difference observed in TP53 mRNA expression between 

vehicle and Gankyrin siRNA transfected cells after 48 hours (Fig. 6.19, A). 

Furthermore, cisplatin did not have any effect on TP53 mRNA expression compared 

to Gankyrin siRNA transfected cells and combined treatments (Fig 6.19, B).  

 
 

Figure 6.19. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative TP53 
mRNA expression. A) TP53 mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over TP53 mRNA 
expression. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin 
treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data 
analysed by (A) paired t-test and (B) paired one-way ANOVA followed by Tukey’s post hoc test on log 
transformed data (y=log (y)), n=3, means ± SEM. 
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As mentioned above TP53 mediates cisplatin cytotoxic effect, P53 protein (the 

product of TP53) levels upon Gankyrin siRNA transfections and cisplatin treatment 

were assessed. P53 protein was detected in vehicle, Gankyrin siRNA transfected and 

cisplatin treated cells (Fig. 6.20, A-D).  

Gankyrin siRNA transfection did not have any effect on P53 protein, whilst cisplatin 

significantly increased (p<0.05) P53 protein (Fig 6.20, E)  

Figure 6.20. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative p53 
protein expression. A) Western blot and (B) relative p53 protein quantification in vehicle and Gankyrin 
siRNA transfected NT2 cells. C) Western blot for P53 in (B – lane 2 and 3) vehicle and Gankyrin siRNA 
treated NT2 cells and (B – lane 4-9) vehicle and Gankyrin siRNA transfected NT2 cells in combination 
with cisplatin treatment. (D) Relative P53 protein quantification in vehicle and Gankyrin siRNA 
transfected samples treated with cisplatin. E) Quantification of relative P53 protein expression in 
Gankyrin siRNA transfection with and without cisplatin treatment. Black V – vehicle, Black T – Gankyrin 
siRNA transfected, red V – vehicle with cisplatin, red T Gankyrin siRNA + cisplatin, B and D, data analysed 
by paired t-test, E, data analysed by unpaired t-test, means ± SEM. 
 



Chapter 6      The role of the oncogene Gankyrin in the pathogenesis of TGCC 267 
  
 

6.5.14. An alternate mode of action for cisplatin in NT2 cells  

Cisplatin resistance in TGCC has been associated with increased P21 levels of 

expression (Koster et al., 2010), therefore the effect of Gankyrin down-regulation and 

cisplatin on P21 expression was relevant for the present study.     

Relative P21 mRNA expression was not affected after 48 hours of Gankyrin siRNA 

transfection (Fig. 6.21, A). However, cisplatin and the combined treatment of cisplatin 

with Gankyrin siRNA transfection resulted in a significant increase (P<0.001) in P21 

mRNA expression compared to just Gankyrin siRNA transfected cells. Furthermore, 

the level of relative P21 mRNA expression was similar in cisplatin treated cells and 

cisplatin combined with Gankyrin siRNA transfected cells (Fig. 6.21, B).  

 
Figure 6.21. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative P21 
mRNA expression. A) P21 mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over P21 mRNA expression. 
VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin treated cells, 
siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data analysed by (A) 
paired t-test and (B) paired one-way ANOVA followed by Tukey’s post hoc test on log transformed data 
(y=log (y)), n=3, means ± SEM. 
 

These results show a profound effect of cisplatin on P21 mRNA expression and 

therefore it is postulated that P21 might be important in mediating the cytotoxic 

effects of cisplatin in NT2 cells. Experiments to investigate the effects of P21 inhibition 

on cisplatin treated NT2 cells were performed by combining 5 µM UC2288 (P21 

inhibitor) and 4 µM cisplatin for 24 hours as described in section 2.17. 
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The combined effect of UC2288 with cisplatin resulted in a significant increase in cell 

number when compared to the individual effect of cisplatin in NT2 cells (13% 

increase; p<0.05; Fig. 6.22, C), suggesting that P21 plays a role in mediating the 

cytotoxic effect of cisplatin.  

 
Figure 6.22. Combined effects of cisplatin and UC2288 treatment on cell number. CISP – cisplatin treated 
cells, CISP+UC2288 – cisplatin and UC2288 combined treatment. Percentage of cells calculated based 
on a DMSO control. Data analysed by paired t-test on arcsine transformed data (y=arcsin(y)), *p<0.05, 
n=3, means ± SEM.   
 

It was then investigated whether UC2288 was successfully down-regulating P21 

mRNA expression independently of TP53. UC2288 significantly down-regulated P21 

mRNA expression (Fig 6.23, A) and, as expected there was no effect on TP53 mRNA 

expression indicating that the inhibitor acts independently of TP53 (Fig. 6.23, B). 

 

 
Figure 6.23. Combined effects of cisplatin and UC2288 treatment on relative p21 and TP53 mRNA 
expression.  A) P21 mRNA expression in NT2 cells treated with 4 µM cisplatin and 5 µM UC2288. B) 
Relative TP53 mRNA expression in NT2 cells treated with 4 µM cisplatin and 5 µM UC2288. Data 
analysed by paired t-test on log transformed data (y=log(Y)). *p<0.05, means ± SEM. 
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6.5.15. P21 protein is not detected in NT2 cells  

P21 protein expression could not be detected in NT2 cells after loading 20, 40 and 60 

ng protein. A positive control was included in this experiment; this was tissue away 

from the tumour (NT tissue) from a TGCC patient (Fig. 6.24). 

 
Figure 6.24. P21 protein expression in tissue away from the tumour from a TGCC patients and in NT2 
cells. A) Western blot for P21 using 20, 40 and 60 ng protein from tissue away from the tumour (NT) 
from a TGCC patients and NT2 cells. B) Tubulin expression on membrane A.  L- ladder. 
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Having already demonstrated that P21 mRNA levels are profoundly increased upon 

cisplatin treatment (Fig. 6.21), P21 protein was studied in cisplatin treated cells. 

However, P21 protein was not detected in any of the samples studied (Fig. 6.25). 

 

 
Figure 6.25. P21 protein expression in NT2 cells and tissue away from the tumours from a patient with 
TGCC. lane 2 and 3 – Representative P21 protein expression in (V) vehicle exposed and (T) Gankyrin 
siRNA transfected NT2 cells after 48 hours, lane 4-9 – vehicle and Gankyrin siRNA transfected cells in 
combination with cisplatin treatment, lane 10 – positive control which was tissue away from the tumour 
from a TGCC patient. GAPDH was used as a loading control.  
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6.5.16. The phosphorylated form of P21 was detectable in NT2 cells 

after 48 hours of Gankyrin siRNA transfection followed by cisplatin 

treatment   

P21 was not detected in NT2 cells, however it was hypothesized that it was the 

phosphorylated form of P21 that was present in NT2 cells and which might be up-

regulated by Gankyrin down-regulation and /or cisplatin treatment.  

Western blot for phospho-P21 (p-P21) demonstrated the presence of the protein at the 

size of ~40 KDa. No significant changes in p-P21 were observed in NT2 cells after 

Gankyrin siRNA transfection compared with control, (Fig. 6.26, A and B). 

Gankyrin down-regulation did not affect p-P21 expression in cisplatin treated cells. 

Despite the finding of a significant increase in P21 mRNA expression following 

cisplatin treatment, there was no effect on p-P21 protein expression following 

cisplatin treatment (Fig. 6.26, C and D).  

There was no significant difference in p-P21 protein expression upon cisplatin 

treatment compared to Gankyrin siRNA transfected cells (Fig. 6.26, E) 
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Figure 6.26. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative 
phosphorylated P21 protein expression.  A) Western blot and (B) relative quantification for 
phosphorylated P21 (p-P21) protein in (V) vehicle and Gankyrin (T) siRNA transfected NT2 cells. C) p53 
protein expression and (D) relative quantification in (V) vehicle and Gankyrin (T) siRNA transfected NT2 
cells treated with cisplatin. E) Quantification of relative p-P21 protein expression in NT2 cells after 
Gankyrin siRNA transfection with and without cisplatin treatment.  B and D data analysed by paired t- 
test. E data analysed by unpaired t-test, means ± SEM. 
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6.5.17. Gankyrin and cisplatin regulate apoptosis through BAX and FAS  

Apoptosis genes that are downstream of TP53, which were increased after 24 hours 

of Gankyrin siRNA transfection were studied.  

Relative BAX mRNA levels were significantly increased after 48 hours of Gankyrin 

siRNA transfection (Fig. 6.27, A). A significant increase in BAX mRNA expression 

was also observed upon treatment with cisplatin compared to Gankyrin siRNA 

transfected cells (p<0.001, Fig. 6.27, B). Cisplatin also increased BAX mRNA in 

cisplatin with Gankyrin siRNA transfection combined treatment when compared to 

Gankyrin siRNA transfected only cells (p<0.05, Fig. 6.27, B).  Gankyrin siRNA had not 

effect on BAX mRNA of cisplatin treated cells (Fig. 6.27, B). 

 

Figure 6.27. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative BAX 
mRNA expression. A) BAX mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over BAX mRNA expression. 
VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin treated cells, 
siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data analysed by (A) 
paired t-test, *p<0.05, and (B) paired one-way ANOVA followed by Tukey’s post hoc test on log 
transformed data (y=log (y)), n=3, means ± SEM. 
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Another apoptosis gene that is downstream of TP53 is FAS. It was previously shown 

that FAS relative mRNA expression increases after 24 hours of Gankyrin down-

regulation.   

After 48 hours of Gankyrin siRNA transfection, there is a trend towards an increase of 

FAS mRNA expression, however this did not reach significance (Fig 6.28, A). 

Cisplatin significantly increased FAS mRNA expression when compared to Gankyrin 

siRNA transfected NT2 cells (p<0.05, Fig. 6.28, B).  Gankyrin siRNA had not effect on 

FAS mRNA of cisplatin treated cells (Fig. 6.28, B). 

 
Figure 6.28. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative FAS 
mRNA expression. A) FAS mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). B) (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over FAS mRNA expression. 
VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin treated cells, 
siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data analysed by (A) 
paired t-test and (B) paired one-way ANOVA followed by Tukey’s post hoc test on log transformed data 
(y=log(y)), n=3, means ± SEM. 
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6.5.18. The role of Gankyrin in NT2 cell migration   

PAI-1 a TP53 downstream gene that plays a role in angiogenesis and metastasis, was 

up-regulated by Gankyrin down-regulation after 24 hours, therefore its expression 

was investigated after 48 hours of Gankyrin down-regulation and cisplatin treatment.  

PAI-1 mRNA level was significantly increased by Gankyrin siRNA transfection after 

48 hours of transfection (p<0.05; Fig. 6.29, A). Cisplatin significantly increased PAI-1 

mRNA expression (p<0.05) when compared to Gankyrin siRNA transfected cells (Fig. 

6.29, B).  A trend towards an increase in PAI-1 mRNA level was observed between 

Gankyrin siRNA transfected cells and Gankyrin siRNA combined with cisplatin 

treated cells, however statistical significance was not reached (p=0.07, Fig 6.29, B).  

 

 
Figure 6.29. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative PAI-1 
mRNA expression. A)  PAI-1 mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over PAI-1 mRNA 
expression. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin 
treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data 
analysed by (A) paired t-test, *p<0.05, and (B) paired one-way ANOVA followed by Tukey’s post hoc 
test on log transformed data (y=log (y)), n=3, means ± SEM. 
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PAI-1 is involved in cell migration and invasion. Therefore, an invasion assay was 

performed in order to study the effect of Gankyrin on NT2 cell migration 

During the invasion assay, images from the migrating cells were collected at 0, 5, 10 

and 24 hours after removing the stopper that prevented cells to migrate to the imaged 

area. Representative images from this experiment can be observed in Figure 6.30. 

 
Figure 6.30. Representative migration assay images. Representative images of the migration assay at 0, 
5, 10 and 24 hours after removing the stopper in (VEH) vehicle, (siRNA) Gankyrin siRNA transfected, 
(CISP) cisplatin treatment and combined (siRNA + CISP) Gankyrin siRNA transfected and cisplatin treated 
cells. Cells were stained with green CMDFA Cell Tracker dye, scalebars represent 500µm. 
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After 48 hours of Gankyrin siRNA transfection, there was a reduction in the 

proportion of migrating cells in each individual experiment when compared to 

vehicle control, although this did not reach statistical significance (p=0.05, Fig. 6.31, 

A). Individual and combined effect of Gankyrin down-regulation and cisplatin on cell 

migration were not statistically significant (Fig. 6.31, B). 

 

Figure 6.31. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on the percentage 
of migrating NT2 cells.  A) Percentage of migrating cells in vehicle and Gankyrin siRNA transfected cells 
(n=5). (B) Cisplatin and Gankyrin siRNA transfections individual and combined effects over the 
percentage of migrating cells. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, 
CISP – cisplatin treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin 
treatment. Data analysed by paired one-way ANOVA followed by Tukey’s post hoc test on arcsin 
transformed data (y=arcsin (y)), n=5, means ± SEM. 
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6.5.19. The potential role of Gankyrin in cisplatin resistance through 

CCND1 and CCND3 

High levels of cyclin genes D1 (CCND1) and D3 (CCND3)  in patients have been 

associated with cisplatin resistance (Zhang et al., 2006; Noel et al., 2010), therefore it 

was investigated whether Gankyrin could be affecting cisplatin resistance by this 

mechanism.  

The effect of Gankyrin siRNA transfection and/or cisplatin treatment on CCND1 

mRNA expression was determined in NT2 cells. There was no effect of Gankyrin 

down-regulation on CCND1 mRNA expression (Fig. 6.32, A). Furthermore, there was 

no significant difference on CCND1 mRNA expression between cisplatin treatment 

and Gankyrin down-regulation nor with the combined treatment (Fig. 6.32, B). 

 

Figure 6.32. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative CCND1 
mRNA expression A) CCND1 mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over CCND1 mRNA 
expression. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin 
treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data 
analysed by (A) paired t-test and (B) paired one-way ANOVA followed by Tukey’s post hoc test on log 
transformed data (y=log (y)), n=3, means ± SEM. 
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CCND3 expression was also investigated in NT2 cells. CCND3 mRNA was not 

affected by Gankyrin siRNA transfection (Fig. 6.33, A), however it was significantly 

up-regulated by cisplatin treatment (P<0.01) when compared to Gankyrin siRNA 

transfected only cells. Gankyrin down-regulation did not affect CCND3 mRNA 

expression in cisplatin treated cells (Fig. 6.33, B).  

 

 
 

Figure 6.33. Combined effects of Gankyrin siRNA transfection and cisplatin treatment on relative CCND3 
mRNA expression A) CCND3 mRNA expression in vehicle and Gankyrin siRNA transfected cells (n=3). (B) 
Cisplatin and Gankyrin siRNA transfections individual and combined effects over CCND3 mRNA 
expression. VEH – Vehicle treated cells, siRNA – Gankyrin siRNA transfected cells, CISP – cisplatin 
treated cells, siRNA+CISP – Gankyrin siRNA transfected cells followed by cisplatin treatment. Data 
analysed by (A) paired t-test and (B) paired one-way ANOVA followed by Tukey’s post hoc test on log 
transformed data (y=log (y)), n=3, means ± SEM. 
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6.6. Discussion 

The purpose of this chapter was to determine the role of the oncogene Gankyrin in the 

pathogenesis of testicular germ cell cancer, therefore a characterization of its protein 

expression was performed in human fetal testis and TGCC cancer patients.  

In vitro experiments were also performed in order to manipulate Gankyrin and 

understand its potential role in TGCC pathogenesis.  

 

Gankyrin expression in human fetal testis demonstrates Gankyrin 

is aberrantly expressed in OCT4+/MAGE-A4- GCNIS cells 

This study has shown that gonocytes (OCT4+/MAGE-A4-) and the intermediate stage 

between gonocytes and prespermatogonia (OCT4+/MAGE-A4+) did not express 

nuclear Gankyrin whereas a subset of prespermatogonia (OCT4-/MAGE-A4+) did 

(Fig. 6.2). 

This suggests that Gankyrin is not normally expressed in OCT4+/MAGE-A4- germ 

cells, indicating that Gankyrin expression in OCT4+/MAGE-A4- GCNIS cells is 

aberrant. Previous studies have demonstrated that Gankyrin over-expression is 

frequently associated with cancers such as ovarian cancer, colorectal cancer and 

hepatocellular carcinoma (Fu et al., 2002; Tang et al., 2010; Kim et al., 2013; Jing et al., 

2014; Zhao et al., 2016).  
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Gankyrin localization and its putative significance 

Previous studies in hepatocellular carcinoma have demonstrated a relationship 

between Gankyrin localisation within the different cellular compartments and 

subsequent carcinogenesis  (Jing et al., 2014). These studies observed a gradual 

elevation of nuclear, cytoplasmic and whole cell Gankyrin expression during 

consecutive stages of hepatocarcinogenesis (Jing et al., 2014). 

In terms of Gankyrin localization within the cell in testicular cancer, GCNIS cells 

displayed nuclear Gankyrin whereas in overt seminoma tumours, the seminoma 

component of non-seminoma tumours and testicular germ cell cancer cell lines all 

expressed cytoplasmic Gankyrin, suggesting that translocation of Gankyrin from the 

nucleus to the cytoplasm is important for the transformation of GCNIS cells to 

tumour cells (Fig. 6.5, 6.7 and 6.8).  In contrast to hepatocellular carcinoma where 

translocation of Gankyrin from the cytoplasm to the nucleus has been associated with 

the transformation of non tumorous hepatocytes into neoplastic hepatocytes (Jing et 

al., 2014). The following figure is a schematic representation of Gankyrin expression 

in fetal germ cells, GCNIS cells and tumour cells (Fig. 6.34).  
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Figure 6.34. Illustration of Gankyrin expression in normal and TGCC testis. Schematic representation of 
Gankyrin expression during normal human fetal testis development and theoretical representation of 
aberrant nuclear Gankyrin expression in a proportion of OCT4+/MAGE-A4- germ cells (gonocytes) which 
then persists in a proportion of GCNIS (above 60%). The localization of Gankyrin expression then 
changes in tumour cells where it is mainly observed in the cytoplasm. 
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Gankyrin and its role in proliferation 

In contrast to the human fetal testis in which nuclear Gankyrin is not expressed in the 

gonocytes (OCT4+/MAGE-A4-), nuclear Gankyrin is expressed in 87% of GCNIS cells 

from childhood patients with pre-invasive TGCC. Chapter 3 demonstrated that 

GCNIS cells from childhood patients with pre-invasive TGCC, exhibit a higher 

proliferation rate compared to GCNIS cells from patients with invasive TGCC. 

GCNIS from childhood patients with pre-invasive TGCC also had a higher 

proportion of nuclear Gankyrin expression when compared to GCNIS cells (63.3%) 

from adult patients with pre-invasive disease.  These results suggest that nuclear 

Gankyrin expression could be playing an important role in carcinogenic mutation 

and invasion, due to its association with the stages in which GCNIS cells are more 

proliferative.  

As shown in Chapter 3, MAGE-A4+ GCNIS cells display a lower proliferation rate 

when compared to MAGE-A4- GCNIS cells. This suggests that MAGE-A4 could be 

reducing the invasive potential of these cells. MAGE-A4 has been shown to interact 

with Gankyrin, where MAGE-A4 reduces Gankyrin increased oncogenic effects in 

hepatocellular carcinoma (HCC; Nagao et al., 2003). These results have shown that 

Gankyrin is expressed with MAGE-A4 in a proportion of GCNIS cells (Fig. 6.6, C) 

and as it has been shown that Gankyrin and MAGE-A4 physically interact, it is 

possible that MAGE-A4 may affect the invasive potential of Gankyrin.  

In HCC Gankyrin down-regulation reduces proliferation, this has been shown by Ki67 

protein analysis and cell cycle analysis (Song et al., 2013; Jing et al., 2014).  However, 

in the present study Gankyrin down-regulation did not affect the expression of three 

different proliferation genes. 
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Gankyrin is essential for cell survival 

A reduction in cell number was observed after 24 and 48 hours of Gankyrin down-

regulation in NT2 cells, agreeing with previous studies where Gankyrin silencing 

represses tumour cell proliferation, tumourigenicity, migration and invasion of 

hepatocellular carcinoma cells (Jing et al., 2014). In NT2 cells it has recently been 

demonstrated that Gankyrin down-regulates TP53 (Chen et al., 2014), which fits with 

the results of the present study in which TP53 was up-regulated by Gankyrin down-

regulation after 24 hours.  

Therefore, it was hypothesized that Gankyrin could be regulating cell survival via 

TP53 and its downstream genes BAX and FAS (apoptosis) and P21 (cell cycle arrest). 

In order to test this hypothesis, qPCR for TP53 and downstream genes was 

performed. TP53 mRNA expression was up-regulated by Gankyrin down-regulation, 

which is consistent with previous studies in NT2 cells (Chen et al., 2014). 

Furthermore, its downstream target genes BAX and FAS were also up-regulated 

suggesting that Gankyrin may be regulating apoptosis through TP53. P21 was also 

up-regulated upon Gankyrin down-regulation, which is in keeping with the 

significant increase in the percentage of G0/G1 cells in NT2 cells after Gankyrin down-

regulation. These results are also consistent with studies in hepatocellular carcinoma 

cells lines in which there was a 10% increase in the cells in G0/G1 phase when 

Gankyrin was down-regulated (Jing et al., 2014). In the present study only a 4% 

difference was detected after 24 hours post Gankyrin siRNA transfection compared to 

vehicle control. The clinical relevance of such a modest change is not clear. Further 

studies at later time points may help to determine whether the effect is maintained 

over a prolonged period. 
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Gankyrin and its role in cisplatin resistance 

Cisplatin resistance is an important factor in the treatment of TGCC. Cisplatin  has 

been shown to mediate its cytotoxic effect by causing DNA damage which results in 

the activation of TP53 (Zamble, et al., 1998), and cisplatin is widely used for TGCC 

therapy (Hanna & Einhorn, 2014). It has been suggested that one of the major reasons 

that cisplatin is effective for treating TGCC is that TP53 is not mutated or down-

regulated (Peng et al., 1993); on the contrary, this tumour suppressor is over-

expressed in its wild type form in testicular germ cell cancer (Guillou et al., 1996). 

Guillou et al. (1996) have attempted to demonstrate whether TP53 in TGCC is 

functionally active and they have shown that there is a lack of correlation between 

expression of TP53 and some of its upstream and downstream genes, such as P21 and 

mdm-2 (Guillou et al., 1996). 

Therefore, the effect of Gankyrin on cisplatin resistance was determined by exposing 

the NT2 cells to clinically relevant doses of cisplatin (32% of peak plasma 

concentration; Smith et al., 2012) and investigating the effects of Gankyrin down-

regulation. These results showed that by combining Gankyrin down-regulation with 

cisplatin there was a further 13.5% reduction in cell number compared with cisplatin 

alone (Fig.6.17, B).  

In order to understand the mechanism by which cisplatin and Gankyrin down-

regulation combination could be more cytotoxic, TP53 and its downstream genes 

were investigated by qPCR.  

TP53 has been shown to regulate cisplatin-mediated apoptosis in NT2 cells (Kerley-

Hamilton et al., 2005; Gutekunst et al., 2011), where down-regulation of TP53 in NT2 

cells resulted in increased cisplatin resistance. However, there are conflicting studies 

relating to TP53 and cisplatin induced apoptosis. Liu  et al. (2013) have recently 

shown that silencing of TP53 with siRNA in NT2 cells enhanced cisplatin induced 

apoptosis suggesting that TP53 has a cisplatin protective effect in NT2 cells (Liu et al., 

2013).  Our data agrees with that of Gutekunst et al. (2011) and Kerley-Hamilton et 
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al. (2005) as it was shown that cisplatin cytotoxicity is accompanied by TP53 over-

expression. Although TP53 mRNA was not affected by cisplatin treatment, p53 

protein was profoundly increased (Fig. 6.20, E) and this was sufficient to cause an 

increase of TP53 downstream genes P21, PAI-1, BAX and FAS. 

CCND1 and CCND3 up-regulation has been associated with cisplatin resistance in 

human oral squamous cell carcinoma cell line and in clinical samples of TGCC 

patients (Zhang et al., 2006; Noel et al., 2010). My results show that CCND3 is up-

regulated upon cisplatin treatment, suggesting that up-regulation of this gene causes 

a decrease in cell survival.  Future studies could investigate the potential role of 

CCND3 in NT2 cells by using an siRNA transfection approach.   

 

P21 contributes to cisplatin resistance 

Studies in TGCC have shown that there are TP53 dependent and independent 

responses to cisplatin. In murine testicular teratocarcinoma cells  cisplatin  treatment 

leads to P53 protein accumulation resulting in apoptosis via induction of TP53 target 

genes, whereas in murine TP53-/- murine testicular teratocarcinoma cells, cisplatin 

induced cell cycle arrest and an increase of the P21 gene (Zamble, et al.,  1998).   

In order to test whether P21 could be exerting cisplatin resistance independently of 

TP53, the effects of a P21 inhibitor (UC2288) on apoptosis following cisplatin 

treatment were investigated. This showed that the cytotoxic effect of cisplatin was 

ameliorated (13% increased cell survival) by P21 inhibition, suggesting a direct role 

of P21 in cisplatin resistance and oncogenic potential of NT2 cells (Fig. 6.22). This also 

suggests that when P21 is down-regulated, cisplatin TP53- induced apoptosis is not 

as efficient in NT2 cells. In conclusion P21 is required for the cytotoxic effects of 

cisplatin.  
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Gankyrin and cisplatin effects on cell migration 

PAI-I (plasminogen activator inhibitor 1) is a gene that is involved in cell migration 

and invasion. Relative PAI-1 mRNA expression was increased by Gankyrin down-

regulation or cisplatin treatment. Therefore, invasion assays were carried out to 

demonstrate the role that Gankyrin down-regulation or cisplatin treatment was 

having on cell migration. Although there was a trend towards a decrease in cell 

migration there was no significant effect of Gankyrin siRNA with and without 

cisplatin treatment (Fig. 6.31).  
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6.7. Conclusions 

Gankyrin characterisation studies have shown that its expression in human fetal 

testis gonocytes is absent whereas it is present in prespermatogonia, the subsequent 

stage in germ cell differentiation.  So far, it has been established by the literature that 

gonocytes (OCT4+/MAGE-A4-) express similar genes as GCNIS cells (OCT4+/MAGE-

A4-). However, Gankyrin expression differed in these two cell populations, because 

nuclear Gankyrin is not observed in gonocytes, whilst its nuclear expression in 

GCNIS was in more than 80% of cells. Gankyrin expression within GCNIS cells, was 

found to change as GCNIS become invasive, as GCNIS expressed nuclear Gankyrin 

whereas seminoma cells and TGCC cell lines expressed cytoplasmic Gankyrin.  

It is unknown whether nuclear or cytoplasmic Gankyrin differ in terms of activity, 

however it has been shown that Gankyrin localization can determine neoplastic 

transformation in hepatocytes, where translocation from the cytoplasm to the nucleus 

is associated with malignant transformation (Jing et al., 2014). 

The present understanding was that in normal adult testis Gankyrin was expressed 

in spermatogonia, spermatocytes and spermatids (Ando et al., 2014).  The present 

study contributes to the current literature by characterising Gankyrin expression 

throughout normal testis development and GCNIS cells in TGCC patients. This is 

essential in order to understand the role of Gankyrin in the pathogenesis of TGCC. 

Gankyrin appears to play a role in cell survival by regulating TP53. This is in 

agreement with previous work in NT2 cells (Chen et al., 2014). In the present study 

Gankyrin effects on TP53 downstream genes were shown, where Gankyrin down-

regulation decreases cell number via up-regulation of BAX and FAS mRNA leading 

to increased apoptosis and although there was an increase in P21 mRNA, there was 

a very small effect on cell cycle. The present study adds to existing knowledge by 

providing a potential mechanism by which cell survival can be regulated in TGCC. 

A modest effect of Gankyrin down-regulation on cell cycle was demonstrated, which 

raise questions such as whether the time point where Gankyrin is affecting cell cycle 
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is being missed, or if these effects are constant.  Although only a 4% increase in NT2 

cells in the G0/G1 phase was detected after 24 hours of Gankyrin down-regulation, 

this may have been maintained throughout the 24 hours before cells were harvested 

or further, pointing to a sustained effect which may contribute to the change on cell 

number. 

Normally in TGCC, wild type TP53 is over-expressed (Guillou et al., 1996), however, 

it has been shown that although TP53 is over-expressed, its downstream gene, P21, 

is inactive (Guillou et al., 1996).  The present study shows that in NT2 cells, cisplatin 

is capable of activating TP53 and its downstream genes, P21, BAX, FAS and PAI-1, 

which are normally expressed in low levels or absent in TGCC. This provides a 

possible explanation for cisplatin success in TGCC.  

Cisplatin is a toxic chemotherapeutic drug, and treatment with cisplatin may cause 

several side effects such as infertility, nephrotoxicity and ototoxicity. Gankyrin 

increased the cisplatin cytotoxic effect by 13%. Therefore, it was hypothesized that 

Gankyrin down-regulation could have beneficial effects in patients by allowing a 

reduced dose of cisplatin combined with Gankyrin down-regulation leading to the 

same results as with the current doses of cisplatin. This with the purpose of 

ameliorating the unwanted toxic effects and side effects in patients.  

Clinically, siRNA delivery systems are in their infancy, where several clinical trials 

are currently being performed to test different siRNA delivery systems. Nanovectors 

have shown to be a promising system to deliver siRNA in in vitro experiments 

(Ozpolat et al., 2010; Shen et al., 2012; Xu & Wang, 2015). 
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7. Final Discussion 

The  main  objective  of  this  thesis  was  to  identify  associations  between  protein 

expression by GCNIS and development of tumour invasiveness, and whether this is 

associated with altered protein  expression by  somatic  cells  (‘altered niche’); a key 

approach  was  to  compare  GCNIS  from  patients with  pre‐invasive  and  invasive 

TGCC.  A specific target was to investigate if invasiveness might involve Gankyrin, 

which is an oncogene proven to regulate the  invasiveness of other types of cancer. 

Specific aims were as follows: 

Initial  studies  investigated GCNIS  heterogeneity  in  patients  based  on  differential 

protein  expression  of  gonocyte  (LIN28,  PLAP  and  OCT4),  and  spermatogonial 

expressed  proteins  (MAGE‐A4)  in  GCNIS  from  patients  with  pre‐invasive  and 

invasive TGCC. The purpose of these studies was to determine whether there was an 

association between  the protein profile of GCNIS and  their progression  (including 

proliferation) towards TGCC (Chapter 3).  

It was then investigated whether GCNIS expression of DMRT1, the regulator of the 

mitosis‐meiosis  switch, or altered histone methylation  (H3K27me3 and H3K4me3) 

differed between patients with pre‐invasive and invasive TGCC and/or was related 

to GCNIS proliferation rate (Chapter 4).  

Part of the somatic cell component of the germ stem cell niche, the Sertoli cells, was 

then  studied with  the aim of determining  the maturation  status of Sertoli  cells of 

patients with pre‐invasive and invasive TGCC in order to find an association between 

Sertoli cell maturation and TGCC progression (Chapter 5).   

Finally, Gankyrin, an oncogene, which has been shown to prevent OCT4 degradation 

and  to  interact  with  MAGE‐A4  (Nagao  et  al.,  2003;  Qian  et  al.,  2012),  was 

characterized in the human fetal testis and in GCNIS from patients with invasive and 

pre‐invasive  TGCC.  This with  the  purpose  of  determining whether  there was  a 

potential role for Gankyrin in normal fetal germ cell development, GCNIS origin and 
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progression  towards  tumour  formation.  Furthermore,  the  function  of Gankyrin  in 

TGCC was studied using an siRNA knockdown approach in NT2 cells (Chapter 6). 

The  field  of  cancer  biology  involves  many  areas  of  research  ranging  from  the 

discovery  of  genes  and  proteins  involved  in  cancer development  to  the  study  of 

biological  processes  that  play  a  role  in  tumorigenesis.  In  TGCC,  it  has  been 

demonstrated  that  the  protein  profile  of  its  precursor  lesion  (GCNIS  cells)  is 

heterogeneous (Rajpert‐De Meyts et al., 1996; Roelofs et al., 1999; Aubry et al., 2001; 

Looijenga et al., 2003; Almstrup et al., 2010; Jørgensen et al., 2013; Rajpert‐De Meyts 

et al., 2015).  However, previous investigations have not studied the modification of 

the  protein  profile  during  TGCC  progression.  The  present  study  provides 

information  about potential protein profile modifications  that might  contribute  to 

TGCC development.  

One of the proteins that has been associated with TGCC progression based on results 

from  the  present  study  is  PLAP  expression.  The  proportion  of  PLAP  expressing 

GCNIS cells  is  lower  in patients with pre‐invasive TGCC compared  to  those  from 

patients with  invasive TGCC, demonstrating  that PLAP expression  increases with 

invasiveness. 

Previous  studies about PLAP expression and  its association with  increased cancer 

invasiveness  has  been  demonstrated  in  human  neck  and  squamous  carcinoma 

(Bijman  et  al.,  1987).  In  TGCC  it  has  been  shown  that  serum  PLAP  is  useful  to 

determine seminoma status and prognosis (Koshida et al., 1996). However, in other 

cancers such as ovarian cancer, the measurement of PLAP did not provide a useful 

index of  stage of disease,  tumour burden, or prognosis  (Vergote et al., 1987). The 

results of  this  study  contribute  to  the  current knowledge by demonstrating PLAP 

over‐expression  in  GCNIS  cells  from  patients  with  invasive  TGCC,  potentially 

contributing to the pathogenesis of TGCC.  
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Although PLAP expression was increased in invasive stages of disease compared to 

pre‐invasive stages, PLAP+ GCNIS cells did not proliferate more than PLAP‐ GCNIS 

cells, suggesting that increased PLAP expression is more likely due to an activation 

of PLAP  in PLAP‐/OCT4+ GCNIS  cells  or  to  the progressive  loss of PLAP‐/OCT4+ 

GCNIS cells, which is actually decreased in patients with invasive disease compared 

to patients with pre‐invasive disease.  

Future studies could be performed  in order  to  investigate  the  function of PLAP  in 

TGCC development, this could be achieved by using an siRNA approach in NT2 cells. 

Furthermore, studying the apoptosis of the different phenotypes of GCNIS based on 

PLAP and OCT4 would help to establish whether apoptosis of PLAP‐ GCNIS cells is 

the  reason  for an  increase  in  the proportion of PLAP+ GCNIS  cells  in progressive 

stages of TGCC.  

Another molecule that the present study has demonstrated to play a role in GCNIS 

proliferation and progression of TGCC is MAGE‐A4.  Previous studies have shown 

that MAGE‐A4 is heterogeneously expressed in GCNIS cells, however no associations 

between MAGE‐A4 expression and TGCC progression were investigated (Aubry et 

al., 2001). Furthermore, MAGE‐A4 is a protein indicative of germ cell maturation (i.e. 

spermatogonial  differentiation).  The  present  study  demonstrates  that MAGE‐A4+ 

GCNIS cells proliferate less than MAGE‐A4‐ GCNIS cells, suggesting that MAGE‐A4 

expression is associated with reduced oncogenic potential in GCNIS cells. A similar 

impact of MAGE‐A4 expression has also been described in hepatocellular carcinoma 

(HCC), where MAGE‐A4 has been shown to reduce the oncogenic activity of cancer 

cells when interacting with Gankyrin, an oncogene (Nagao et al., 2003). 

Additional  to  its  interaction with MAGE‐A4, Gankyrin prevents OCT4 degradation 

(Qian et al., 2012). MAGE‐A4 and OCT4 are both proteins involved in normal germ 

cell differentiation and because GCNIS cells precisely originate from early germ cells 

(gonocytes), which fail to normally differentiate, investigation of Gankyrin function in 

TGCC development was carried out.  
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Previous  studies  have  shown  that  Gankyrin  is  expressed  in  spermatogonia, 

spermatocytes and spermatids of the human normal adult testis (Ando et al., 2014). 

However, the expression of Gankyrin in GCNIS cells and fetal testis was not shown, 

which was crucial  to be able  to demonstrate a potential role of Gankyrin  in TGCC 

given the fetal origin of GCNIS cells.  

The present study has characterized Gankyrin expression  in  the human  fetal  testis 

and  in  GCNIS  from  patients  with  pre‐invasive  and  invasive  disease.  This 

demonstrated that in the human fetal testis, gonocytes and differentiating gonocytes 

do  not  express  nuclear  Gankyrin  whereas  prespermatogonia  do.  This  led  us  to 

speculate that Gankyrin might be involved in normal fetal germ cell development by 

regulating OCT4 expression and by interacting with MAGE‐A4. 

In contrast with gonocytes, nuclear Gankyrin was expressed  in ~80% GCNIS cells, 

which suggests that Gankyrin is aberrantly expressed in GCNIS cells. Gankyrin over‐

expression has already been associated with poor prognosis in cancer (Fu et al., 2002; 

Tang et al., 2010; Kim et al., 2013; Jing et al., 2014; Zhao et al., 2016). Furthermore, its 

cellular localization has been shown to be important in terms of progression of disease 

(Jing  et al., 2014). For  instance,  in HCC  it has been  shown  that  there  is a gradual 

increase  of  nuclear,  cytoplasmic  and  whole  cell  Gankyrin  expression  during 

consecutive  stages of disease  (Fig. 7.1;  Jing et al., 2014). Gankyrin over‐expression 

correlates  also with  poor  prognosis  in HCC  (capsular  invasion  and  intrahepatic 

metastasis, Jing et al., 2014).  
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Figure 7.1. Gankyrin expression in the consecutive stages of hepatic disease that lead to hepatocellular 
carcinoma. Modified and complemented from Jing et al., 2014 and Thornton, 2015. 

 

In  order  to  investigate  Gankyrin  function  in  TGCC,  Gankyrin  siRNA  transfection 

experiments  in NT2  cells  (a TGCC  cell  line) were  carried  out. These  experiments 

demonstrated that Gankyrin is a molecule which regulates cell survival and cisplatin 

resistance in NT2 cells. However, it does not regulate OCT4 expression and although 

this  is unexpected,  the  regulation of OCT4 by Gankyrin has been demonstrated  in 

HCC cells (Qian et al., 2012).  The molecules that interplay in HCC and TGCC might 

be different and there are likely to be unknown pathways and mutations that might 

influence Gankyrin function in these two different types of cancer. 

It was  also  investigated whether  Gankyrin  could  be  regulating  different  cellular 

processes of TGCC cells such as apoptosis and cell cycle. Gankyrin down‐regulation 

did  result  in  a  cell  number  reduction,  however  this  was  not  due  to  a  reduced 

proliferation, nor due to a cell cycle arrest.  Further studies into possible explanations 

for  the  decrease  in  cell  survival  led  to  the  investigation  of  the  TP53  (tumour 

suppressor) pathway and this showed that TP53 mRNA in NT2 cells was increased 

after Gankyrin down‐regulation. Furthermore, the mRNA level of TP53 target genes 

(P21, BAX, FAS and PAI‐1) was also increased after Gankyrin down‐regulation in NT2 
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cells. This explains in part the decrease in NT2 cell survival given that BAX and FAS 

are pro‐apoptotic genes.  

Furthermore, TP53 has been shown to be essential in mediating the cytotoxic effects 

of cisplatin, therefore Gankyrin effects on cisplatin resistance were investigated and 

this demonstrated that Gankyrin down‐regulation contributes to the cytotoxic effect 

of  cisplatin  by  causing  13% more  cell  death,  suggesting  that  Gankyrin  promotes 

cisplatin resistance in NT2 cells.  

P21 protein expression levels have also been shown to determine cisplatin resistance 

in TGCC (Koster et al., 2010). An increase of P21 mRNA was observed after Gankyrin 

down‐regulation,  therefore  the  contribution  of  P21  in  cisplatin  resistance  was 

investigated. A P21 inhibitor (UC2288, that acts independently of TP53; Wettersten et 

al., 2013) in combination with cisplatin treatment in NT2 cells was performed. This 

demonstrates that P21 contributes to the cytotoxic effect of cisplatin, where the P21 

inhibitor increased cisplatin resistance by 13%. This augments current understanding 

on  the mechanism of  action of  cisplatin given  that P21 by  itself  can  contribute  to 

cisplatin resistance without the involvement of TP53.  

Gankyrin could be further investigated for its potential use as an adjuvant in TGCC 

therapy.  It  might  be  that  targeted  Gankyrin  down‐regulation  in  tumours  could 

potentiate cisplatin cytotoxic effects  in vivo. This could be used  to reduce cisplatin 

dosage in patients to get the same result, which would be beneficial for patients given 

the  side  effects  of  cisplatin  such  as  infertility,  nephrotoxicity,  neurotoxicity  and 

myelosuppression  (Go  and Adjei,  1999;  Schrader  et  al.,  2001).  Extensive  research 

would have to be performed in order to achieve this given that targeted knockdown 

is still in its infancy; a potential way of testing this would be Gankyrin knockdown in 

vivo in mice to test how this may affect other cells, which normally express Gankyrin 

such as Sertoli cells. This field is in its infancy and technologies to deliver molecules 

in vivo is still under intensive investigation (Ozpolat et al., 2010; Shen et al., 2012; Xu 

and Wang, 2015).  
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Interest in epigenetics has been increasing in the field of cancer biology and one of 

the  mechanisms  of  epigenetic  regulation  is  histone  modifications.  Some  histone 

modifications  have  been  studied  in  GCNIS  cells  and  it  has  been  shown  that 

H3K27me3 and H3K4me3 are heterogeneously expressed in GCNIS cells (Almstrup 

et al., 2010). However there have been no studies to determine associations of histone 

modification proteins and TGCC progression.  

The  present  study  demonstrates  that  although  H3K27me3  expression  is  not 

associated with GCNIS cells proliferation, H3K27me3 was associated with MAGE‐

A4‐ GCNIS cells, which proliferate more that MAGE‐A4+ GCNIS cells. Whether there 

is an  interaction of H3K27me3 and MAGE‐A4  could only be elucidated by  future 

experiments, such as chromatin immunoprecipitation of H3K27me3.  

Although  H3K4me3  studies  demonstrate  that  it  does  not  contribute  to  TGCC 

progression, the characterization of H3K4me3 in human fetal testis determines that 

H3K4me3 is only expressed in prespermatogonia. This would suggest that H3K4me3 

might be playing a role in normal germ cell differentiation. 

In contrast to gonocytes (H3K4me3‐), most GCNIS cells (~80%), expressed H3K4me3 

suggesting that H3K4me3 might be playing a role in GCNIS cells origin.  

EZH2 is another molecule that has been shown to play a role in TGCC progression. 

EZH2  catalyses  H3K27me3,  a  permissive  histone  modification.  EZH2  down‐

regulation has been associated with TGCC progression and this was demonstrated 

by mRNA data (Hinz et al., 2010). However, Hinz and colleagues did not show any 

characterization of EZH2 expression in their samples nor in normal testis, allowing 

for further characterization of EZH2 in order to elucidate whether its expression was 

associated with GCNIS origin, activation and TGCC progression. 

Nuclear EZH2 was present  in normal fetal and adult germ cells, GCNIS cells from 

patients with pre‐invasive and invasive TGCC, and germ cells within tubules with 

active spermatogenesis from TGCC patients, suggesting that EZH2 is not involved in 
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normal  germ  cell  differentiation  nor  GCNIS  origin  and  progression  to  invasive 

disease.  These  findings  however,  provide  a  possible  explanation  for  the  down‐

regulation of EZH2 observed in testes from men with spermatogenic disorders and 

GCNIS‐containing samples from Hinz et al. (2010). It is possible that the reduction in 

EZH2 that they observed is due to the fact that EZH2 is expressed in all germ cells. 

Hinz et al. (2010) compared samples with normal spermatogenesis with samples with 

spermatogenic  disorders,  including  GCNIS  samples,  where  there  is  an  evident 

disruption of spermatogenesis and testicular dysgenesis (Petersen et al., 1998; Hoei‐

Hansen  et  al.,  2003;  Rajpert‐De  Meyts,  2006).  Almstrup  et  al.  (2010)  showed  a 

cytoplasmic  expression  of  EZH2  in  GCNIS  cells  concluding  that  EZH2 was  not 

engaged in its normal function given that they did not observe over‐expression of the 

genes encoding its co‐enzymes in GCNIS.  

Continuing with molecules with potential to contribute to TGCC development and 

progression,  DMRT1  was  investigated.  DMRT1  has  been  previously  studied  in 

GCNIS cells, where its heterogeneous expression in GCNIS cells was demonstrated 

(Jørgensen  et  al.,  2013).  Furthermore,  it  has  been  shown  that  the  proportion  of 

DMRT1+ GCNIS  cells  is  higher  in  pre‐pubertal  patients with  pre‐invasive  TGCC 

compared to those of post‐pubertal patients with pre‐invasive TGCC (Jørgensen et 

al., 2013). Jørgensen and colleagues (2013) have also shown that DMRT1 is not present 

in GCNIS cells from patients with invasive TGCC and that DMRT1+ GCNIS cells do 

not proliferate  (Jørgensen et al., 2013).  Jørgensen and colleagues  (2013) study used 

PLAP as a marker  for GCNIS cells, however,  the present  study demonstrates  that 

PLAP  expression  increases with  progression  of  disease.  It  could  be  possible  that 

Jørgensen and colleagues (2013) might have missed around 57% and 13% of GCNIS 

cells from patients with pre‐invasive and with invasive TGCC respectively.   

The results of  the present study show  that  in contrast with  Jorgensen et al.  (2013), 

DMRT1  is  expressed  in  GCNIS  from  patients with  invasive  TGCC,  however  its 

expression is not associated with TGCC progression. Furthermore, DMRT1+ GCNIS 

cells do proliferate, but DMRT1  expression  is not  associated with proliferation of 
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GCNIS cells. The use of  the different markers of GCNIS cells between  the present 

study  and  Jørgensen  and  colleagues  (2013)  could  be  the  reason  for  the  different 

results.  

The Sertoli cells are the somatic cells which are in close contact with normal germ cell 

and GCNIS  cells  in  the  intratubular  compartment,  and  these  cells  secrete  factors 

which support germ cell development (GDNF; Chui et al., 2011) and influence normal 

male development (AMH, SOX9; Cupp and Skinner, 2005). Therefore, the study of 

Sertoli  cells  is  crucial  in  order  to  determine whether  Sertoli  cells  are  developing 

normally or are affected  in TGCC, potentially contributing  to  it pathogenesis. The 

maturation status of Sertoli cell was investigated by characterizing the expression of 

proteins indicative of their development.  

Previous studies have demonstrated that in GCNIS‐containing tubules, Sertoli cells 

appear functionally immature based on the expression of several proteins indicative 

of  Sertoli  cell maturation  such  as  intermediate  filaments  (i.e.  Desmin,  vimentin, 

cytokeratin), P450 aromatase and M2A (Rogatsch et al., 1996; Rago et al., 2005; Nistal 

et al., 2006; Sonne et al., 2006). However, none of these studies have investigated the 

association  of  proteins  indicative  of  Sertoli  cell  maturation  in  relation  to  the 

progression of TGCC.  

Expression of none of the proteins indicative of Sertoli cell maturation investigated in 

the present study showed an association with TGCC progression. However, it was 

demonstrated  that  cytokeratin  and  desmin  expression  could  be  useful  tools  to 

determine GCNIS‐containing tubules presence. Cytokeratin could be used to identify 

GCNIS‐containing tubules as early as in childhood patients with pre‐invasive TGCC. 

Current methods for the identification of GCNIS in patients have demonstrated to be 

reliable and currently PLAP and OCT4 expression are used in the clinics as indicative 

proteins for the presence of GCNIS. My studies show the potential of cytokeratin and 

desmin  expression  to  detect  immature  Sertoli  cells  in GCNIS‐containing  tubules, 

however the present study does not provide evidence to suggest that cytokeratin and 
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desmin expression should replace current methodologies to detect GCNIS‐containing 

tubules in adults. Further studies should be performed in a larger cohort of childhood 

pre‐invasive  patients  to  establish  how  reliable  the  expression  of  desmin  and 

cytokeratin is to detect immature Sertoli cells of GCNIS‐containing tubules in these 

patients. 

Cytokeratin was heterogeneously expressed in GCNIS‐containing tubules therefore 

it was  then hypothesized  that cytokeratin expression could be associated with  the 

location of the GCNIS‐containing tubules in relation to tumour location.  However, 

cytokeratin was expressed  in GCNIS‐containing  tubules  regardless of  the distance 

from  the  tumour,  suggesting  that  cytokeratin  is  not  associated  with  GCNIS 

progression  to  tumour  formation but  suggesting  also  that  cytokeratin presence  in 

GCNIS‐containing tubules might be a primary lesion of TGCC.  

On  the  other  hand,  this  experiment  contributes  to  current  knowledge  by 

demonstrating  that Sertoli cells  from GCNIS‐containing  tubules might be partially 

differentiated or dedifferentiated. This was suggested by results showing  that SCs 

from  GCNIS‐containing  tubules  express  both  cytokeratin  and  AR,  indicative  of 

immature (cytokeratin) and mature (AR) Sertoli cells respectively.   

AMH was also studied as a protein indicative of Sertoli cell development. It has been 

established  that AMH expression in Sertoli cells decreases after puberty (Sharpe et 

al., 2003; Hero et al., 2012) and most studies into AMH expression in patients have 

been performed using serum (Hudson et al., 1990; Matuszczak et al., 2013). Only one 

study  has  reported AMH  absence  in  a  contralateral  testicular  biopsy  of  a  TGCC 

patient (Rajpert‐De Meyts et al., 1999). Therefore, the aim was to characterize AMH 

expression  in  GCNIS‐containing  tubules  from  patients  with  pre‐invasive  and 

invasive  TGCC with  the  purpose  of  determining whether  there  is  an  association 

between AMH expression and TGCC progression.  

AMH expression was present at all stages of fetal development as expected; However, 

surprisingly AMH was  also present  in  tubules with  active  spermatogenesis  from 
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normal adult testis, GCNIS‐containing tubules from patients with pre‐invasive and 

invasive TGCC, and in tubules with active spermatogenesis from patients with pre‐

invasive and invasive TGCC, suggesting that AMH expression does not contribute to 

TGCC progression. 

Serum levels of AMH in men with normal or reduced sperm concentration and men 

with history of cryptorchidism are similar (Tüttelmann et al., 2009). This suggests that 

serum levels of AMH can be detected in adult men with normal testis development 

and because the only known source of AMH is the testis, this suggests that AMH is 

produced  in  the  normal  human  adult  testis  and  can  be  detected  in  serum  and 

immunohistochemically in Sertoli cells.   

It was previously discussed  that a recent study has shown AMH expression using 

antibodies directed to different regions and stages of activation of AMH in human 

fetal testis (Mamsen et al., 2015). In the present study, AMH studies were performed 

with a peptide block control, where no detection of AMH was observed. The use of 

different antibodies might explain the differences in AMH expression that have been 

reported  so  far. Furthermore,  the antibody used  in  the present project detects  the 

precursor and mature form of AMH and it is not possible to determine which of these 

two forms of AMH are being detected. Future studies should be performed in GCNIS‐

containing tubules with AMH antibodies directed to different stages of activation of 

AMH, similar to Mamsen et al. (2015) studies.   

In  conclusion,  this  study  has  provided  evidence  for  the  involvement  of  several 

molecules in TGCC development, which are PLAP, MAGE‐A4 and Gankyrin. These 

molecules  are  associated  with  TGCC  progression,  and  Gankyrin  is  capable  of 

regulating apoptosis and cisplatin resistance in NT2 cells, both of which are essential 

for the oncogenic potential of cancer cells.   

The methylation markers investigated in the present study did not provide evidence 

of a global role in GCNIS proliferation nor TGCC progression, however they might 

be playing a role in normal germ cell differentiation (H3K4me3 absent in gonocytes 
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but expressed in prespermatogonia) and GCNIS origin (80% GCNIS cells expressing 

H3K4me3). Furthermore, H3K27me3 was associated mostly with MAGE‐A4‐ GCNIS 

cells, suggesting a possible role for H3K27me3 in the regulation of MAGE‐A4. Further 

studies  such  as ChIP  could  be  performed  to  investigate  the  potential  interaction 

between H3K27me3 and MAGE‐A4.  

Sertoli cell maturation studies demonstrate a potential use for desmin and cytokeratin 

expression to demonstrate the presence of GCNIS‐containing tubules. Furthermore, 

AMH studies have demonstrated that its expression can be immunolocalized in testes 

from  healthy  adult  men,  which  was  unexpected.  Further  studies  on  AMH 

characterization should be carried out. 

A summary of the knowledge before and after this thesis can be seen in Table 7.1. 

 

Table 7.1. Knowledge before and after the present study. 

Knowledge before this study  Knowledge after this study 

The  protein  profile  of  GCNIS  cells  is 
heterogeneous 

GCNIS oncogenic potential is phenotypically 
dependent (i.e. MAGE‐A4 expression results 
in reduced proliferation). 

PLAP, OCT4 and LIN28 are specific markers 
of GCNIS cells. 

LIN28 and OCT4 are co‐expressed in 99% of 
GCNIS  cells,  however  PLAP  expression 
increases with progression of TGCC. 

DMRT1  expression  is  increased  in  GCNIS 
cells  from pre‐pubertal patients  compared 
to GCNIS cells from post‐pubertal patients. 
DMRT1+ GCNIS cells do not proliferate and 
GCNIS from patients with invasive TGCC do 
not express DMRT1. 

The proportion of DMRT1+ GCNIS cells from 
pre‐pubertal  and  post‐pubertal  patients  is 
the same. Furthermore, DMRT1+ GCNIS cells 
do proliferate and DMRT1 can be observed 
in GCNIS from patients with invasive TGCC. 
DMRT1  expression  is  not  associated  with 
TGCC progression. 

A  subpopulation  of  human  fetal  germ  cell 
expresses H3K4me3. 

H3K4me3 is expressed in prespermatogonia 
and  absent  from  gonocytes  or 
differentiating  gonocytes.  H3K4me3 
expression  does  not  contribute  to  TGCC 
progression. 

H3K27me3 is expressed in a subpopulation 
of GCNIS cells.  

H3K27me3 expression does not play a role 
in  TGCC  progression,  however  it  is mainly 
associated  with  MAGE‐A4‐  GCNIS  cells, 
which have an  increased proliferation  rate 
compared to MAGE‐A4+ GCNIS cells. 

Reduced EZH2 expression is associated with 
TGCC  development.  Furthermore,  EZH2 

EZH2  expression  is  not  associated  with 
TGCC  progression,  furthermore  it  is 



Chapter 7                      Final discussion   302 

       

 

 

expression is observed in the cytoplasm of 
GCNIS cells concluding it is not in its active 
form. 

expressed  in  the nuclei of all normal germ 
cell and GCNIS cells. 

In  GCNIS‐containing  tubules,  Sertoli  cells 
express proteins indicative of immaturity. 

Certain  protein  indicative  of  immature 
Sertoli  cell  (desmin  and  cytokeratin)  could 
be used as tools to diagnose the presence of 
GCNIS‐containing  tubules,  particularly 
during childhood. 

There  is  a  heterogeneous  expression  of 
proteins indicative of Sertoli cell immaturity 
in GCNIS‐containing tubules. 

Cytokeratin  and  AR  studies  have 
demonstrated  that  Sertoli  cells  in  GCNIS‐
containing  tubules  are  partially 
differentiated or dedifferentiated. 

Testicular  AMH  expression  is  reduced  at 
puberty  to  basal  levels,  however  it 
continues  to  be  expressed  in  the  testis  in 
cases of disorders of gonadal development 
or  function.  Furthermore,  AMH 
characterization  in  GCNIS‐containing 
tubules has not been performed so far. 

AMH is expressed in Sertoli cells of tubules 
with  active  spermatogenesis  of  normal 
adult men and GCNIS‐containing tubules. 

In  the  normal  adult  testis,  Gankyrin 
expression  is  observed  in  spermatogonia, 
spermatocytes  and  spermatids,  however 
there  are  no  studies  about  Gankyrin 
expression in TGCC tissue. 

Gankyrin  is  expressed  in  the  nuclei  and 
cytoplasm  of  Sertoli  cells  and 
prespermatogonia,  whilst  it  is  not 
expressed  in  gonocyte  nuclei.  Gankyrin  is 
expressed in ~80% of GCNIS cells. 

Gankyrin  prevents  OCT4  degradation  in 
hepatocellular carcinoma.  

Gankyrin  down‐regulation  did  not  affect 
OCT4 in NT2 cells. 

Gankyrin over‐expression is associated with 
increased  cell  survival  and  tumour 
development  in  hepatocellular  carcinoma, 
however  these  studies  have  not  been  yet 
performed in TGCC 

Gankyrin  does  regulate  cell  survival  and  it 
acts though the TP53 pathway. 

There  has  been  no  study  on  the  role  of 
Gankyrin in cisplatin resistance in TGCC. 

Gankyrin contributes to cisplatin resistance 
in NT2 cells. 

The TP53 pathway  is essential  for cisplatin 
cytotoxicity  

P21 can acts  independently of TP53 and  is 
essential  for  cisplatin  cytotoxic  effects  in 
NT2 cells.  
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Appendix II – Distribution of DMRT1+ GCNIS cells 

 

Appendix II. Distribution of DMRT1+ GCNIS cells. pre CH - childhood patients with pre-invasive disease 
(n=3), pre AH – adult patients with pre-invasive disease (n=3), SEM – seminoma (n=3) and non SEM - 
non-seminoma (n=3) TGCC patients. Data analysed by one-way ANOVA followed by Tukey’s post hoc 
test performed on arcsine transformed data (y=arcsin(y)), means ± SEM. 

 

Appendix III – Distribution of H3K27me3 expression in MAGE-

A4+ GCNIS cells by stage of disease 

 

Appendix III. Distribution of H3K27me3 expression in MAGE-A4+ GCNIS by stage of disease. Adult men 
with pre-invasive disease (pre-invasive adulthood; n=4), seminoma patients (n=4), non-seminoma 
patients (n=3). Data analysed by one-way ANOVA followed by Tukey’s post hoc test performed on 
arcsine transformed data (y=arcsin(y)), means ± SEM. 
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Appendix IV – Distribution of H3K27me3 expression in 

DMRT1+ and DMRT1- GCNIS cells 

 

Appendix IV. Distribution of H3K27me3 expression in DMRT1+ and DMRT- GCNIS cells. (A) Distribution of 
H3K27me3 expression in DMRT1+ GCNIS cells in adult men with pre-invasive TGCC (pre-invasive 
adulthood; n=3), seminoma (n=4) or non-seminoma patients (n=3). (B) Distribution of H3K27me3 in 
DMRT1- GCNIS cells from adult men with pre-invasive TGCC (pre-invasive adulthood; n=3), seminoma 
(n=4) or non-seminoma patients (n=3). Data analysed by one-way ANOVA followed by Tukey’s post hoc 
test on arcsine transformed data (y=arcsin(y)), means ± SEM. 

 

 

 



 Appendices 354 
Appendix V – Distribution of H2K4me3 expression in MAGE-

A4+ and MAGE-A4- GCNIS cells 

 

Appendix V. Distribution of H3K4me3 expression in MAGE-A4+ and MAGE-A4- GCNIS cells. A) Distribution 
of H3K27me3 expression in MAGE-A4+ GCNIS cells. (B) Distribution of H3K27me3 expression in MAGE-
A4- GCNIS cells. Adult men with pre-invasive TGCC (n=4), seminoma (n=3) or non-seminoma (n=3) 
patients. Data analysed by one-way ANOVA one-way ANOVA followed by Tukey’s post hoc test on 
arcsine transformed data (y=arcsin(y)), means ± SEM. 
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Appendix VI – Relative Gankyrin mRNA and protein 

expression in TCAM2 cells after Gankyrin siRNA transfection 

 

Appendix VI. Relative Gankyrin mRNA and protein expression in TCAM2 cells after Gankyrin siRNA 
transfection. (A) 20nM of Gankyrin siRNA transfection successfully reduced Gankyrin mRNA after 24 
hours (n=3) and (B) Gankyrin protein with 10nM after 24 (n=3) and 72 (n=4) hours post transfection as 
well as with 20nM after 24 hours post transfection (n=4). Data analysed by paired t-test on log 
transformed data (y=log(y)), **p<0.01, *p<0.05, means ± SEM. 

 

Appendix VII – Harvested live TCAM2 cells after Gankyrin 

siRNA transfection  

 

Appendix VII. Harvested live TCAM2 cells after Gankyrin siRNA transfection. Data analysed by paired t-
test on log transformed data (y=log(y)), n=3, *p<0.05, **p<0.01, means ± SEM. 
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Appendix VIII – OCT4 mRNA and protein expression in TCAM2 

cells after Gankyrin siRNA transfection  

 

 

Appendix VIII. Relative OCT4 (A) mRNA and (B) protein expression in TCAM2 cells after Gankyrin siRNA 
transfection. Data analysed by paired t-test on log transformed data (y=log(y)), n=3, means ± SEM. 

 

Appendix IX – Relative Ki67 mRNA expression in TCAM2 cells 

after Gankyrin siRNA transfection 

 
Appendix IX. Relative Ki67 mRNA expression in TCAM2 cells after Gankyrin siRNA transfection. Data 
analysed by paired t-test on log transformed data (y=log (y)), n=3, means ± SEM. 
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Appendix X – TP53 pathway and effects on the relative mRNA 

expression of TP53 and that of its downstream genes after 

Gankyrin siRNA transfection in TCAM2 cells.  

 

 
Appendix X. TP53 pathway and effects on the relative mRNA expression of TP53 and that of its 
downstream genes after Gankyrin siRNA transfection in TCAM2 cells. (A) TP53 pathway.  Relative (B) 
TP53, (C) P21 and (D) BAX mRNA expression in TCAM2 cells after 24 hours of Gankyrin siRNA 
transfection. Data analysed by paired t-test on log transformed data (y=log (y)), n=3, mean ±SEM. 
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Appendix XI – Cell cycle analysis in TCAM2 cells after 

Gankyrin siRNA transfection  

 

 

 

Appendix XI. Cell cycle analysis in TCAM2 cells after Gankyrin siRNA transfection.  Percentage of TCAM2 
cells in (A) G0/G1 phase, (B) G2/M phase and (C) S phase of the cell cycle after 24 hours of Gankyrin 
siRNA transfection. Data analysed by paired t-test on arcsine transformed data (y=arcsin(y)), n=3, 
means ± SEM. 
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Appendix XII – Relative CDK4 and RB1 mRNA expression in 

TCAM2 cells after Gankyrin siRNA transfection 

 

Appendix XII. Relative CDK4 and RB1 mRNA expression in TCAM2 cells after Gankyrin siRNA transfection. 
Data analysed with paired t-test on log transformed data (y=log(y)), n = 3, means ± SEM.  
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